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SYNOPSIS 

A power system is a complex network comprising numerous generators, 
transmission lines, transformers and variety of loads. Because of the economic as well as 
environmental problems associated with adding new transmission lines to keep pace with 
the growing loads and generation, the major task facing utility industry today is the 
efficient utilization of the existing transmission systems. One of the approaches adopted 
for efficient utilization involves the use of power electronics technology. 

With the growing demand of electrical power, the existing transmission lines get 
increasingly overloaded. This increased loading of transmission lines has led to various 
problems associated with stability and maintenance of appropriate voltage levels across 
the system. A reliable solution of these problems can be achieved with the help of 
Flexible Alternating Current Transmission System (FACTS) devices, which may be 
connected in series, shunt or in a combination of series and shunt. FACTS devices 
include a host of fast, reliable solid state controllers [1]. However, these devices are 
effective only when they are placed at appropriately determined locations. 

There may further be situations where more than one FACTS device is employed 
in the system for voltage stabilization and stability enhancement etc. Their collaborative 
interaction can play an important role in improving power transfer capability of the 
network and the overall power system stability. 



In this thesis an attempt has been made to evolve a simple strategy toi placement 
of FACTS devices in a multimachine environment after a careful study of several 
existing techniques. A general purpose interactive M A FLAB program has been 
developed for small signal analysis of multimachine system. Modeling of SVC, ICSC, 
STATCOM and SSSC is done and the system stability analyzed using these FACTS 
devices. Finally, an attempt has also been made to examine the interactions between 
shunt and series FACTS devices (namely, SVC and TCSC) and their impact on the 
system stability utilizing the proposed placement strategy. 

To obtain optimum system performance, the location of any FACTS device in an 
interconnected power system must be determined carefully. Four broad categories of 
techniques have been so far proposed for determining best suited locations. These are 

(1) Jacobian based sensitivity methodologies [2] 

(2) Non-Jacobian based techniques [3, 4] 

(3) Eigenanalysis based methods [5] 

(4) Optimization and Artificial Intelligence based techniques [6] 

Placement techniques (3) and (4) are complex and computationally time intensive but are 
claimed to be more accurate. Techniques (1) and (2) are comparatively simple and are 
shotvn to be reasonably accurate even though they do not consider system dynamics as in 
(3) and system nonlinearities as in (4). Between (1) and (2), the non-Jacobian based 
techniques are simpler and less time consuming. It is understood that a Jacobian is always 
utilized to do the load flow studies. In Jacobian based methods the load flow Jacobian 
elements are utilized for calculating the indices for placement of FACTS devices. 
However non-Jacobian methods utilize only the load flow results and not the Jacobian 
elements. The main objective of this thesis is to evolve an efficient non-Jacobian 
placement strategy, which is less time consuming, yet accurate. 

Once the location of a FACTS device is chosen, its performance can be evaluated. 
A study of the implication of adding various FACTS devices in multimachine 
environment requires not only an appropriate mathematical model of the system, but also 
of the FACTS devices as well. Commercial packages such as PEALS (Program for 
Eigenvalue Analysis of Large Systems), EPRI-ETMSP (Electric Power Research 



Institute's Extended Transient/Midterm Stability Program), EPRI-LTSP (EPRI's Long 
Term Stability Program), PSS/E (PTEs Power System Simulator for Engineers) exist for 
the analysis of a power system. These are however fairly expensive and due to their 
specialized nature are not readily available in educational institutions. Furthermore, there 
is a need for a versatile small signal stability program, which offers the flexibility of 
modeling different FACTS devices both individually as well as in their different 
combinations. For this purpose a comprehensive general MATLAB program is developed 
on the same lines as given in [7]. This methodology has been extended in this thesis to 
incorporate various FACTS devices and their controls to varying levels of complexity. 
This multimachine dynamic model can be used to study both small signal stability and 
voltage stability of an electric power system. The developed MATLAB program is 
utilized to examine the applicability of the proposed placement strategy through 
eigenvalue and step response studies. 

Modem power systems are heading towards a deregulated environment of 
operation and control. This will probably require simultaneous installation of different 
FACTS devices in the system. A need therefore arises to examine possible control 
interaction amongst these devices. It is noted that each FACTS device will be equipped 
with higher order controls also to extract the maximum benefit in terms of damping 
augmentation, stability enhancement, etc. This requires complex in-depth investigations 
of the control interactions. However an insight into the control interaction, may it be 
collaborative or adverse, amongst the different devices can still be obtained utilizing 
basic PI controls installed on these FACTS devices. Detailed investigations are 
performed in this thesis to look at the interactions between an SVC and a TCSC. 

In summary the objectives and scope of the thesis ai'e 

1 . To develop a non-Jacobian based methodology for placement of FACTS devices. 

2. To develop a general versatile MATLAB software package for multimachine 
environment, which can incorporate various FACTS devices for small signal 
stability analysis. 

3. To examine the placement methodology for FACTS devices with the software 
package developed. 



4. To study the impact of the coordinated control of FACTS devices on system 
performance. 

Research work has been carried out in pursuit of the above objectives and. from the 
results obtained, the major contributions of the thesis are 

(1) A novel non-Jacobian placement strategy temied as Extended Voltage Phasors 
Approach (EVPA) is proposed for identification of critical line segment fi-om 
voltage stability consideration in the power systems. The results of EVPA are 
compared and validated by Line Flow Indices (LFl) (3J approach as well as voltage 
^ofile ^phs of the system at base case loading and maximum loading conditions. 

e EVPA IS applied to four systems, viz a b-bus, a 9-bns. a 39-bus and a 68-bus 
system at different loading conditions. The EVPA approach also indicates whether 
the problem at these critical line segments is either due to active power or due to 
reactive power loading of the system. In EVPA there is no need to compute four 
tndtces for each line as is done in LFI approach. Therefore EVPA is 
computationally more efficient. The EVPA is also applied to 68-bus system at base 
case loading condition considering various contingencies in the system. It is found 
atat nt most cases, the critical link obtained in healthy system study continues to 
remam cnttcal. but tn few special cases some other line becomes more critical 

(2) A general purpose versatile program for small signal and voltage stability analysis 
of multimachine power system has been developed using MATLAB 5 3 TTie 
developed program uses two axis representation of synchronous machines with 
04 rotatmg and static type of exciter [7]. The methodology of multimachine 
modeling is based on power balance form. The results of the developed MAILAB 

program are compared with published result [7] and it has been found that both 

match closely. 

(3) Mathematical modeling of various key FACTS devices viz SVC TCSC 
STATCOM and SSSC has been done using power balance form. Different’ types of 
contro lers employing proportional-integral control and state feedback with integral 
control have been used with the FACTS devices. All the models developed are 
modular and can be easily incoiporated in developed program. 



(4) It is proposed that the impact of coordinated control of FACTS devices at different 
loading conditions can be studied using a heuristic root loci technique incorporating 
modal damping analysis and step response studies. In this technique the set of 
“desirable” controller parameter is chosen which provide a high degree of modal 
damping of the sensitive modes, simultaneously, and then “best” set of controller 
parameters are obtained using step response studies. Extensive studies are done to 
gain an insight into 

• The relative influence of SVC and TCSC on the damping of critical interarea 
modes. 

• The relative effect of system loading on the “best” settings of SVC and TCSC 
controller parameters. 

• The impact of nominal series compensation provided by TCSC on the TCSC 
controller parameters. 

OUTLINE OF THE THESIS 

Chapter 1 introduces the objective of the thesis and outlines briefly the work done 
in the thesis. A brief review of FACTS device modeling, placement techniques and their 
coordinated control is also presented. 

In Chapter 2, the multimachine model on the same lines as given in [7] is 
developed using MATLAB 5.3. The developed MATLAB software package for 
multimachine system is interactive and general in nature. The results obtained through 
the developed package are compared with the published result [7] for 9-bus WSCC 
system. It has been found that both the results match very closely. 

In Chapter 3, various FACTS device models such as SVC, TCSC, STATCOM 
and SSSC are developed. The models are incorporated in the developed MATLAB 
program in modular fashion. Multiple FACTS device incorporation in multimachine 
environment is also shown in Chapter 3. 

Chapter 4 deals with the proposed placement strategy of FACTS device in 
multimachine system. A novel technique called EVP A (Extended Voltage Phasors 
Approach) is proposed. The performance of EVPA is evaluated for four systems (6-bus, 



9-bus, 39-bus and 68-bus system) at various loading conditions. The results thus obtained 
for various systems at different loading conditions are compared with established Line 
Flow Index Method [3]. The performance of EVPA is also evaluated for various system 
contingencies. Placement strategy for multiple devices using EVPA is also discussed in 
Chapter 4. 

In Chapter 5, a small signal analysis of above mentioned four systems is done 
using EVPA technique at various loading conditions. The developed MATLAB program 
is used for small signal stability analysis. The results of the small signal stability are 
validated through step response investigations and voltage profile studies. 

Chapter 6 deals with the determination of best parameters of FACTS controllers 
and the study of coordinated control of FACTS devices. The coordinated control of SVC 
and TCSC are studied for the 9-bus system at various loading conditions. This interaction 
is also examined with varying levels of series compensation. Root loci method together 
with modal damping analysis have been used to determine the controller parameters and 
visualize the impact of coordinated control of FACTS devices. Further refinement of 
FACTS controller parameters is done using step response studies. 

The thesis concludes in Chapter 7, which outlines major contributions and also 
suggests scope of future work in this area. 
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Chapter 1 



INTRODUCTION 

A power system is a complex network comprising numerous generators, 
transmission lines, transformers and variety of loads. Due to the economic as well as 
environmental problems associated with adding new transmission lines to keep pace with 
the growing loads and generation, the major task facing utility industry of today is the 
proper and efficient utilization of the existing transmission system. One of the approaches 
adopted for efficient utilization involves the use of power electronics technology. 

With the growing demand of electrical power, the existing transmission lines get 
increasingly overloaded. This increased loading of transmission lines has lead to various 
problems associated with stability and maintenance of appropriate voltage levels across a 
system. A reliable solution of these problems can be achieved with the help of FACTS 
(Flexible Alternating Current Transmission System) devices, which may be connected in 
series, shunt or in a combination of series and shunt. FACTS devices include a host of 
fast, reliable solid state controllers such as Static Var Compensator (SVC), Thyristor 
Controlled Series Capacitor (TCSC), Static Synchronous Compensator (STATCOM), 
Thyristor Controlled Braking Resistor (TCBR), Thyristor Controlled Phase Shifting 
Transformer (TCPST), Static Synchronous Series Compensator (SSSC) and Unified 
Power Flow Controller (UPFC) [1]. However, these devices are effective only when they 
are placed at carefully determined locations. 

There may further be situations where more than one FACTS device is employed 
in the system for tasks such as voltage stabilization, stability enhancement etc. Their 
collaborative interaction can play an important role in improving power transfer 
capability of the network and overall power system stability - both steady state and 
transient. 

After a careful study of several existing techniques, an attempt has been made to 
evolve a simple strategy for placement of FACTS devices in a multimachine environment 
in this thesis. A general purpose interactive MATLAB program has been developed for 
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small signal analysis of multimachine system. Modeling of SVC, TCSC, STATCOM and 
SSSC is done and the system stability analyzed using the above FACTS devices. Finally, 
an attempt has also been made to examine the interaction of FACTS devices (SVC and 
TCSC) and their impact on the system stability utilizing the proposed placement strategy. 

A brief review of FACTS controllers (SVC, TCSC, STATCOM and SSSC), their 
modeling, placement strategies and coordination of different FACTS devices are 
discussed below. 

1.1 FACTS CONTROLLERS 

The power flow over a transmission line depends mainly on three important 
parameters, namely voltage magnitude of the buses, impedance of the transmission line 
and phase angle between buses. The FACTS devices control one or more of the above 
parameters to improve system performance. As FACTS devices are fabricated using solid 
state controllers, their response is fast and accurate. Thus these devices can be utilized to 
improve the voltage profile of the system, enhance transmission capability of the 
network, augment system stability and achieve several other objectives [1]. IEEE 
definition of FACTS and FACTS Controller are given as [1] 

Flexible AC Transmission System (FACTS): Alternating current transmission 
systems incorporating power electronics based and other static controllers to 
enhance controllability and increase power transfer capability. 

FACTS Controller: A power electronics based system and other static equipment 
that provides control of one or more AC transmission system parameters. 

In general, FACTS controllers can be divided in following categories 

> Series controllers (TCSC, SSSC) 

> Shunt controllers (SVC, STATCOM) 

> Combined series-series controllers (Interline Power Flow Controller) 

^ Combined series-shunt controller (Unified Power Flow Controller) 


2 



In this thesis we shall concentrate only on the first two types of devices. A brief review of 
shunt and series devices such as SVC, TCSC, STATCOM and SSSC is presented in next 
sub-section. 

1.1.1 Static Var Compensator (SVC) 

According to lEEE-CIGRE co-definition [1], a static var compensator is a Static 
var generator whose output is varied so as to maintain or control specific parameters 
(e.g. voltage) of the electric power system. 

SVC is a first generation FACTS device that is already in operation at various 
places in the world. In its simplest form it uses a thyristor controlled reactor (TCR) in 
conjunction with a fixed capacitor (EC) or thyristor switched capacitor (TSC). A pair of 
opposite poled thyristors are connected in series with a fixed inductor to form a TCR 
module while the thyristors are connected in series with a capacitor to form a TSC 
module. An SVC can control the voltage magnitude at the required bus thereby 
improving the voltage profile of the system. The primary task of an SVC is to maintain 
the voltage of a particular bus by means of reactive power compensation (obtained by 
varying the firing angle of the thyristors). It can also provide increased damping to power 
oscillations and enhance power flow over a line by using auxiliary signals such as line 
active power, line reactive power, line current, computed internal frequency etc [2, 3]. 

1.1.2 Thyristor Controlled Series Capacitor (TCSC) 

A TCSC is a capacitive reactance compensator, which consists of a series 
capacitor bank shunted by a thyristor controlled reactor in order to provide a smoothly 
variable series capacitive reactance [1]. 

Even though a TCSC in the normal operating range is mainly capacitive, but it 
can also be used in an inductive mode. The power flow over a transmission line can be 
increased by controlled series compensation with minimum risk of subsynchronous 
resonance (SSR) [1]. TCSC is a second generation FACTS controller, which controls the 



impedance of the line in which it is connected by varying the firing angle of the 
thyristors. A TCSC module comprises a series capacitor that is connected in parallel to a 
thyristor controlled reactor (TCR). A TCR includes a pair of anti-parallel thyristors that 
are connected in series with an inductor. In a TCSC, a metal oxide varistor (MOV) along 
with a bypass breaker is connected in parallel to the fixed capacitor for overvoltage 

protection. A complete compensation system may be made up of several of these 
modules. 

The TCSC has three basic modes of operation 

• Thyristor valve bypassed mode 

• Thyristor valve blocked mode 

• Vernier control mode 


In the bypassed mode thyristors are gated for full conduction and the current flow in the 
reactor is continuous and sinusoidal. In this case the net reactance is slightly inductive 
because the susceptance of reactor is larger than that of the capacitor. This mode is 
mainly used for protecting the capacitor against the overvoltages (during transient 
overcuirents m the line). In the inserted mode with thyristor blocked, no current flows 
through the valve as the gate pulses are suppressed. In this mode, the TCSC reactance is 
the same as that of the fixed capacitor. This mode is also termed as waiting mode. In 
vernier control, thynstors are gated in such a manner that a controlled amount of 
inductive cinrent can circulate dirough the capacitor thereby increasing effective 
capacitive/inductive reactance of die module. The thyristor bypass mode is used to 
^vide control and protective measures. The breaker is generally provided to remove 
CbC from service when there are internal TCSC failures. 

install ^-n favorable. A TCSC has been 

the W t r ™*er on 

thlr g “ Arizona 

at the Kayenta substation in 1992 A third rear u u 

■ ^^SC has been connected to the BPA 500 kV 

system atS.attin.993 for power flow controlandimprovementofsystemperformance. 
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1.1.3 Static Synchronous Compensator (STATCOM) 


A STATCOM is a static synchronous generator operated as a shunt connected 
static var compensator whose capacitive or inductive output current can be controlled 
independent of the ac system voltage [1]. 

A STATCOM is a solid state switching converter capable of generating or 
absorbing independently controllable real and reactive power at its output terminals, 
when it is fed from an energy source or an energy storage device of appropriate rating. A 
STATCOM incorporates a voltage source inverter (VSI) that produces a set of three 
phase ac output voltages, each of which is in phase with, and coupled to the 
corresponding ac system voltage via a relatively small reactance. This small reactance is 
usually provided by the per phase leakage reactance of the coupling transformer. The VSI 
is driven by a dc storage capacitor. By regulating the magnitude of the output voltage 
produced, the reactive power exchange between STATCOM and the ac system can be 
controlled. That is, if the amplitude of the output voltage is increased above that of the ac 
system voltage, then the current flows through the reactance from the STATCOM to the 
ac system, and the STATCOM generates reactive (capacitive) power for the ac system. 
On the other hand, if the amplitude of the output voltage is decreased below that of the ac 
system, then the reactive current flows from the ac system to STATCOM, and the 
STATCOM absorbs the reactive (inductive) power. If the output voltage is equal to the ac 
system voltage, the reactive power exchange is zero [1, 4, 6]. 

The first high-power STATCOM in the United States was commissioned in late 
1995 at the Sullivan substation of the Tennessee Valley Authority (TV A). 

1.1.4 Static Synchronous Series Compensator (SSSC) 

An SSSC is a static synchronous generator operated without an external electric 
energy source as a series compensator whose output voltage is in quadrature with, and 
controllable independently of the line current for the purpose of increasing or 
decreasing the overall reactive voltage drop across the line and thereby controlling the 
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transmitted electric power. The SSSC may include transiently rated energy source or 
energy absorbing device to enhance the dynamic behavior of (he powet system by 
additional temporary real power compensation, to increase or decrease momentarily, the 
overall real voltage drop across the line [\]. 

An SSSC incorporates a solid state voltage source inverter that injects an almost 
sinusoidal voltage of variable magnitude in series with a transmission line. The SSSC has 
the same structure as that of a STATCOM except that the coupling transformer of an 
SSSC is connected in series with the transmission line. The injected voltage is mainly in 
quadrature with the line current. A small part of the injected voltage, which is in phase 
with the line current, provides the losses in the inverter. Most of the injected voltage, 
which is in quadrature with the line current, emulates a series inductance or a series 
capacitance thereby altering the transmission line series reactance. This emulated 
reactance, which can be altered by varying the magnitude of injected voltage, favorably 
influences the electric power flow in the transmission line [7-8]. 

1.2 MODELING OF FACTS DEVICES 
1.2.1 SVC Modeling 

As SVC is the first generation FACTS device, a vast literature is available on this 
device and its applications [3]. However a brief literature review on SVC modeling is 
presented here. 

An exhaustive information on modeling of SV C for load flow, harmonic analysis, 

stability and transient overvoltage studies has been provided in [5]. The general SVC 

model proposed in [5] is modified in [9] to include the control system delays. In [5, 9] 

TCR dynamics has been ignored. SVC has also been represented by various transfer 

functions [10, 11], Detailed dynamic modeling of SVC for damping torque analysis is 

presented in [2]. A simplified model of SVC is presented in [12, 13], Various SVC 

models for power flow simulation with proper representation of limits and SVC slope are 

presented in [14]. Dynamic models of SVC with modular structure are also presented in 
[14]. 
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1.2.2 TCSC Modeling 


TCSC controller design based on linearized model of the power system around a 
given nominal operating point is given in [15], In [16-17] TCSC model of [15] has been 
used for enhancement of power system stability. The pole placement technique is utilized 
for calculating the controller feedback gains. Optimum location for installation of TCSC 
based on danping enhancement criterion is proposed using residue method. Reference 

[18] describes TCSC model and its controls (constant line power controller and constant 
angle controller) in a tutorial manner. Steady state model of TCSC has been described in 

[19] . 

Several TCSC models have been developed utilizing sampled data approach [20- 
23]. A discrete time domain TCSC model based on the linearized behavior of the state 
transition equation that can predict the shift in zero-crossings of the line current (or 
capacitor voltage) precisely is proposed in [20]. This model captures the system transient 
behavior very accurately. A method for computing the eigenvalues of the system in 
discrete time domain is also presented in [21]. However the model developed in [21] does 
not present a stand alone TCSC model. The system equations are developed with and 
without representing the thyristor switching through Poincare map. This approach 
requires sampling of full state at every sampling instant which is impractical for large 
power systems. Another model based on sampled data approach is described in [22]. 
Poincare map is also utilized in [24] to analyze the stability of two synchronization 
schemes for TCSC. 

In [23] the TCSC dynamics is described at the switching instants and then 
converted into a continuous time model. This model assumes the line current as the 
forcing function of the TCSC performance equation and therefore is an independent 
quantity. 

The models developed in [20-23] predict the system behavior very well and also 
offer an analytical basis for control design. However the model derivation is relatively 
complicated and the model structure has no clear relation to the system configuration. 
The models also do not interface well with the standard phasor-based models of the 
generator dynamics. A quasi state TCSC model based on phasor dynamics approach is 
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presented in [24]. The phasor dynamic model of TCSC is based on time varying Fourier 
coefficients, which capture the phasor dynamics of the TCSC. As the model is modular, it 
can be incorporated easily with other power system components. 


1.2.3 STATCOM Modeling 

In broad spectrum the STATCOM utilizes either multilevel [25-29] or multi-pulse 
[30-31] voltage source inverter configurations. The multilevel inverter usually 
synthesizes a staircase voltage wave from several levels of dc voltage source, typically 
obtained from capacitor voltage sources. As the number of level increases, the 
synthesized staircase wave approaches the sinusoidal wave resulting in reduced harmonic 
distortions. A multi-pulse inverter also generates a staircase wave closely resembling a 
sine wave by connecting a number of 6-pulse inverters through transformers. Usually 
switches of these inverters are synchronized with the ac bus voltage in which the firing of 
each switch is displaced by a constant amount from the zero crossing of the ac bus 
voltage. A multi-pulse inverter can also implement PWM switching technique for power 
transfer applications [32], The mathematical model for 12-pulse STATCOM is derived in 
[30] and nonlinear state feedback control strategy has been used for the control of 
reactive power. The development and installation of a ± 100 MVAR STATCOM for the 
Tennessee Valley Authority (TVA) at the Sullivan substation in North-Eastern Tennessee 
is presented in [33]. Tlie operation of this STATCOM is presented in [34]. The 
application of STATCOM for enhancement of power transfer in long lines is presented in 
[ 35 ], A case study has also been presented to show the superiority of STATCOM over 
other shunt reactive compensation schemes. In [31] the model developed in [30] is 
atilized and a closed loop reactive current controller for the control of voltage at the mid- 
point of a long transmission line is proposed. It is reported that a fuzzy logic PI controller 
overcomes the problem of oscillatory instability. 
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1.2.4 SSSC Modeling 


The design and control of 48-pulse SSSC is presented in [36, 37], The 
investigations are carried out on IEEE first benchmark model for SSR studies to evaluate 
the perfonnance of SSSC during balanced and unbalanced faults. The results of small 
signal analysis are validated using PSCAD/ EMTDC software. References [7-8] present 
basic theory, characteristics and modeling technique of 24-pulse SSSC using 
Electromagnetic Simulation Package (EMTP). Some results of TNA simulation studies 
caixied out with SSSC hardware model are also presented. An EMTP model of a series 
connected solid state synchronous voltage source is presented in [38]. This is used to 
control and modulate the power flow of long transmission line. 

1.3 PLACEMENT STRATEGY OF FACTS DEVICES 

For optimum use of generation and transmission resources and to enhance system 
angle and voltage stabilities, placement of a FACTS device at proper locations is crucial. 
Placing a high rating FACTS device at an inappropriate location may not be quite 
effective in improving the performance of the system. On the other hand, even a device 
of small rating, when placed at an appropriate location, can be greatly beneficial. Hence, 
however good the control strategy may be, an optimum performance can be achieved 
only when the FACTS device is strategically placed. A brief review of the placement of 
FACTS devices is presented below. 

The placement of Static Var Compensators for transient stability enliancement is 
discussed in [39]. It is reported that in a transmission line the location of load and the 
relative inertia of the generators have a significant influence on the placement of the SVC 
for best stability enhancement. Also, in general, the best location from transient stability 
considerations is not the same as the optimal location for minimizing losses in steady 
state, and hence a compromise is necessary. A criterion based on machine acceleration 
for determining the location of a Static Var Compensator for transient stability 
improvement is presented in [40]. 

Transfer function residue technique for finding suitable locations for Static Var 
Compensators (SVC) is presented in [41] to demonstrate the efficacy of the proposed 
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Several indices have been proposed in the literature for placement of FACTS 
devices. A method of identifying the critical bus based on voltage stability index is 
proposed in [54], The bus with highest index is the critical bus in the network. This 
method does not consider the operating conditions of the system equipment e.g. the VAR 
limit of the generators etc. In [55] two methods (relative voltage change method and 
sensitivity method) for determination of weak buses and segments in a power 
transmission network are presented. A scalar index termed as Location Index for 
Effective Damping (LIED) based on modal controllability for finding the suitable 
location of SVC and variable series capacitor has been proposed in [56]. In [57] Damping 
Torque Analysis (DTA) index is presented and compared with various indices such as 
LIED [56], residue index [41], participation index [58] etc. 

A voltage stability indicator based on the changes in the Jacobian submatrix is 
proposed in [59]. The changes are observed as the partial derivative of the reactive power 
with respect to the voltage at the load busbars. In [60] static voltage stability margin 
index is proposed, which is based on the sensitivity of the Jacobian matrix. The voltage 
stability margin index determines whether a system is stable or not. Also the busbars with 
smaller value of voltage stability margin index are considered to be critical from voltage 
stability viewpoint. An analytical method for identification of weak segment of a power 
system from voltage stability viewpoint is presented in [61]. The proposed method is 
compared with three established methods [54, 59-60] and shows its superiority over these 
established methods. Identification of critical path from voltage stability viewpoint has 
been proposed in [62]. 

Voltage Collapse Proximity Indicator (VCPI) has been used for identification of 
the weak buses in [63]. These weak buses are then utilized to enhance the system security 
margin using goal attainment method based on simulated annealing approach. A static 
voltage stability index based on minimum singular value of the power flow Jacobian to 
find out critical buses from voltage instability point of view has been proposed in [64- 
65]. 

Generator reactive power sensitivities with respect to reactive compensation for 
choosing reactive compensation locations to improve system steady state stability is 
proposed in [66]. The effectiveness of the proposed strategy is demonstrated for Saudi 
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Consolidated Electric Company (SCECO)-Central Power System operating at light load 

condition. In [67] a method for locating SVC is proposed using voltage sensitivity 

calculations for 39-bus New England system. Results for Wale and Hale 6-bus system 

and IEEE 30-bus system with L-index and V-Q sensitivity for four different corrective 

schemes, viz., transmission path, reactive compensation, load shedding and generation 

voltage and reactive path schemes are presented in [68], A fast and efficient algorithm for 

placement of SVC in a power system for small signal stability improvement in presented 
in [69]. 


i^inear programming 
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devices on the secure-economic operation of power system. It was found that the location 
of the FACTS device has an important influence on the system loadability, power 
exchange capability and system vulnerability to line outage [70]. 

In [71] tt has been demonstrated that significant benefits in the dynamic stability 
nnprovement of power systems can be obtained by reactive power modulation in 
response to a local control signal derived from bus frequency. The effect of reactive 
power modulation is dependent on the location of SVC in a multimacine system A 
. smple method based on eigenvalue sensitivity is proposed for the prediction of location 
0 SVC for improving the dynamic stability of a multimachine system. The effect of 
smtic compensation on voltage stability boundary is studied in [72]. Sensitivity method 
as been used for reactive support allocation whereas minimum singular value of 
aco lan as been used as indicator of stability margin [72]. A tool based on the 
eigenvalue sensitivity to study the location ^d controller design of contiollable series 
capacitors for power system electiomechanical oscillation is presented in [73J. 

A theory based on equal angle criterion to improve power system damping by the 
pPP .cation of SVC is proposed in [74]. The location of SVC is proposed on the basis of 

have the largest effect on the system P-§ curve. 

Tangent vector has also been used to identify the critical bus [75]. The sensitivitv 

Ta::: » 

.s.em..and..„:reac“i“^^ ^ “ 
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In [76], a methodology for the calculation of the eXtreme Loading Condition 
(XLC) of power system using secant method is proposed. The XLC is reached when any 
one of the load buses reaches its maximum value. The bus where the load has reached its 
maximal value is viewed as the weakest from voltage stability view point. This bus can 
be considered for further remedial actions. 

Determination of location of FACTS devices is a planning strategy. Extensive 
literature is available on the reactive power planning which utilizes various techniques 
such as zero-one implicit enumerative method [77], linear programming based 
decomposition method [78], mixed integer programming [79], unified approach for P and 
Q optimization [80], capability chart of the power system [81]. An expert system based 
algorithm for VAR planning is presented in [82]. Two expert system modules have been 
used. The first one analyzes the operating condition and the second one suggests the 
control actions for the existing VAR controllers, and location and sizes of new VAR 
controllers to be installed. This approach has been applied for IEEE-30 bus system. 

An algorithm for identifying bus clusters (control areas) based on controllability 
and observability of the reactive power voltage dynamics {dQldV) and real power angle 
dynamics {pPjdO) is proposed in [83]. These areas can emerge as suitable locations for 
placing the compensation devices. A methodology to analyze the effect of FACTS 
devices on the transmission charges and on the production costs is presented in [84]. It 
has been demonstrated that installation of FACTS devices changes the transmission 
charges for each wheeling agent. Therefore both transmission owners and transmission 
users should take in to account the impact of FACTS device on transmission charges 
[84]. 

Various guidelines for placement of FACTS devices for attaining different 
objectives such as prevention of loop flows, creation of an electronic fence and ensuring 
economic operation are given in [85]. 

1.4 COORDINATION OF FACTS DEVICES 

In a practical power system, there could be number of different FACTS devices 
installed, which may cause interaction between them. This is more likely to be true in 
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foreseeable future in the deregulated environment. These multiple FACTS devices have 
the potential to interact with each other. This interaction may either deteriorate or 
enhance system stability depending upon the chosen controls and their placement. Hence 
there is a need to study the interaction between the FACTS devices. 


Linear techniques for the control design of multiple 


V 


__ aiun^ a Liansmission 
line have been used in [86]. Different voltage control strategies have been investigated 

and It has been found that centralized control strategy and its performance is superior to 
the traditional individual bus voltage control strategy. However the control strategy 
proposed is heavily dependent on telecommunicated data and redundancy must be 
provided for adequate reliability. It has also been found that the telecommunication 

delays (upto 50ms) in the remote signal feedback does not cause adverse effects on the 
dynamic performance of the system. 

A fuzzy modeling approach to a coordinated control of voltage and reactive 
power in order to enhance voltage security of power system is presented in [87], The 
results of the proposed approach shows that coordinated control of available voltage 
control devtces leads to more secure system operating condition. The proposed approach 
uses combination of heuristic rules and linear equations. 

m potential of control interaction between a proposed TCSC and an existing 
SVC mNew York state's 345kV and 765kV transmission system is studied in [881 The 
results mdtcate that a control interaction exists between the voltage input PSDC (Power 

D_„. ,C«. 

™ bT f.™ m, » .. 

mput signal. He study also shows that using synthesized angle difference input 

Signal, no interaction exists between the PSDC of TCSC ' 

out. ot 1 CSC, series compensated ac network 
resonance and the SVC. network 


iwu meinoas based 
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The damping of inter-area and local electromechanical oscillation modes using 
controllable series capacitor (TCSC) and controllable shunt capacitor (SVC) is presented 
in [90]. It has been foimd that a TCSC and an SVC do not have the same effect on 
damping of the local modes. It is shown that TCSC exhibits more effective damping than 
SVC for inter-area modes. 

An approach based on the combined static/dynamic procedure is proposed in [91]. 
This approach uses continuation power flow, an optimal power flow and an eigenvalue 
analysis package for identifying the most effective FACTS controllers, their locations, 
types and ratings that increase the asset utilization of power system. The proposed 
method is tested on a system composed of 131 buses, 29 generators and 2 HVdc links. 
Using this approach 3 new SVCs and 2 _new TCSCs were proposed. The study also 
reveals that a cooperative control action between the proposed SVC and TCSC devices is 
an efficient solution to solve the inter-area stability problem. The SVCs sustained the 
system voltages, avoiding the voltage collapse situation, while the TCSC devices 
supplied the necessary synchronizing torque to maintain electromechanical stability of 
the system. The study also shows that in a large network, with several embedded SVCs, 
no control interaction occurs if the SVCs are connected through high transfer impedance. 
It has found that in stiff ac systems, no interaction is found regardless of the electrical 
distance between the devices. However under low short circuit capacity condition, the 
SVC controllers experience a strong interaction. 

An integrated methodology (FACTS-Optimal Power Flow) for assessing the 
behavior of FACTS controllers within the framework of economic power system studies 
is presented in [92]. The 'non-linear TCSC, IPC and UPFC models are incorporated 
directly in the Hessian-Jacobian matrix of Newton’s method. The FACTS-OPF algorithm 
uses multiplier method and determines the level of active power to be regulated by a 
FACTS device such that it leads to more economical solution [92]. 

The coordinated control action of a TCSC and TCPAR (Thyristor Controlled 
Phase Angle Regulator) to increase power transfer and system damping using modal 
control theory is proposed in [93]. In [94] a Coordinated Damping Optimal (CDO) 
controller to design and implement multiple TCSC devices in a transmission network of 
interconnected power system is proposed. The proposed CDO controller shows its 
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Placement techniques (iii) and (iv) are complex, detailed and computationally time 
intensive but are certainly accurate. Techniques (i) and (ii) are comparatively simpler and 
are shown to be reasonably accurate even though they do not consider system dynamics 
as in (iii) and system nonlinearities as in (iv). Between (i) and (ii) the non-Jacobian based 
techniques are simpler and less time consuming. The main objective of this thesis is 
therefore chosen to evolve an efficient non-Jacobian placement strategy, which is less 
time consuming yet accurate. 

Once the location of a FACTS device is chosen, its performance can be evaluated. 
A study of the implication of adding various devices in multimachine environment 
requires an appropriate mathematical model of the system and FACTS devices. 
Commercial packages such as PEALS (Program for Eigenvalue Analysis of Large 
Systems), EPRI-ETMSP (Extended Transient/Midterm Stability Program), EPRI-LTSP 
(Long Term Stability Program), PSS/E (PTFs Power System Simulator for Engineers) 
exist for the analysis of a power system, although these are not so easily available in 
educational institutions. Further there is a need for a versatile small signal stability 
program which offers the flexibility of modeling different FACTS devices both 
individually as well as in different combinations. For this purpose a comprehensive 
general purpose program is required. For convenience this program may be developed in 
MATLAB on the same lines as given in [97]. The methodology presented in [97] is 
restrictive and must be extended to incorporate various FACTS devices and their controls 
to varying levels of complexity such that it can be used to study both small signal 
stability and voltage stability of an electric power system. The developed program then 
may be used for the determination of best possible location using various indices. Finally, 
to be at ease with the optimal placement of two or more FACTS controllers in a 
multimachine power system, the control interaction between these devices must also be 
studied. 

Based on the above discussion, the objectives of the thesis are 
1 . To develop a methodology for placement of FACTS devices 
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2. To develop a general ver^tile MATLAB software package, which can 
" pi'l; on >he sys,e„, 
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Chapter 6 deals with the study of coordinated control of FACTS devices. The 
coordinated control SVC and TCSC are studied for the 9-bus system at various loading 
conditions. The interaction between SVC and TCSC has also been studied with varying 
levels of series compensation. Root loci, modal analysis methods and step response 
studies have been used to determine the controller parameters and to visualize the impact 
of coordinated control of FACTS devices on system stability. 

The thesis concludes in Chapter 7, which outlines major contributions and also 
suggests scope of future work in this area. 
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Chapter 2 


MULTIMACHINE MODELING 

A study of the implication of adding various devices in multimachine 

environment requires an appropriate mathematical model of the system and FACTS 

devices. There are commercial packages such as PSCAD/EMTDC and EMTP for 

transient simulation, PEALS (Program for Eigenvalue Analysis of Large Systems), EPRI- 

ETMSP (Extended Transient/Midteim Stability Program), EPRI-LTSP (Long Term 

S«i,y Pro^am), PSS/E (PTPs Power System Simulator for Engineers) available for 

the analysts of a power system. However to get insight tnto modeling of multimachine 

^wer system, a comprehensive dynamic model of multimachine power system is 

developed m dns chapter on the same lines as given in [97] using MATLAB 5 3 This 

mu toachne dynamtc model can he used to study both small signal stability and voltage 
Stability of an electric power system. ^ 

develo coixesponding MATLAB program 

development consists of two stages ^ ® 

1) Development of multimachine system model 


stage 1 modeling is discussed in this chapter while stage 2 modeling i 


Chapter 3. 


IS presented in 


oan be developed withtltJTofltLllT'^^ 


machine 


Rotating exciter 
Static exciter 
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A detailed modeling of multimachine system with rotating exciter (IEEE type-I) is 
presented first. It is referred as Model-I. Thereafter the necessary modifications to 
incorporate static exciters in the overall system model are outlined in Model II. 

The methodology describes dynamic modeling of a general m-machine, n-bus 
system. Based on this methodology, a small signal stability program has been developed 
using MATLAB 5.3. The program developed is general and interactive. The results of the 
developed MATLAB program are correlated with the results published in [97], 

2.1 MODEL-I 

A general m-machine, n-bus system is depicted in Fig. 2.1. In this figure, 1 to m are 
generator buses while m4-l to n are load buses. Bus 1 is assumed to be the slack bus. In 
this model, a machine is represented by a two-axis model and the excitation system is 
chosen as the IEEE type-I rotating exciter. This modeling utilizes original Park’s 
transformation [100]. Two-axis synchronous machine model dynamic circuit and IEEE 
type-I exciter model are shown in Figs. 2.2 and 2.3 respectively. 



Fig. 2.1 A general m-machines, n-bus system 
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2.1.1 Differential-Algebraic-Equation (DAE) for Model -I 

The Differential-algebraic equation model consists of 

• Differential equations pertaining to machine and exciter dynamics 

• Algebraic equations corresponding to the stator and network equations 

As the model contains both differential and algebraic equations, therefore it is refened as 
Differential-Algebraic Equation (DAE) Model. 

Two-axis model of the synchronous machine has been developed with following 
assumptions 

• Subtransient reactances and saturation are negligible. 

• Turbine-governor dynamics are negligible. 

• The limiting constraints on exciter input voltage V ri are not present. 

• The damping term is linear, i.e., '^Fm = D, (co/ -o^), where and a)i are 

damping constant and speed of machine i respectively and O)^ is the synchronous 

speed. This assumption is normally considered valid only for small deviations 
about an operating point. 

Various differential-algebraic equations for m-machine, n-bus system with IEEE type-I 
exciter are [97] 

Differential equations 


dbi 

— =©/-C 05 i = l,2, ,m 

at 


( 2 . 1 ) 
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Stator algebraic equation 


0=Viej'’l 

i = l,2. m (2.8) 

Separating into real and imaginary parts we get 


+X',ilgi = 0 

i = 1,2, ,m 

(2.9) 

E'gi - Vi cos(5,. - - RJgi - X'jilji = 0 

i = 1,2, ,m 

(2.10) 


These algebraic equations can be represented as a current dependent voltage 
source at the generator buses as shown in Fig. 2.2. 

Network equations 

The synchronous machine dynamic circuit, together with the static network and 
the loads, and generalized load electrical dynamic circuit are shown in Figs. 2.4 and 2.5 
respectively. The network equations in complex form are 

Generator buses 


fai + jQci = *hi(yi)+iQu(y,) 

i = 1,2, ,m 


k=\ 


( 2 . 11 ) 


where Pqi + JQq, is the complex power ‘injected’ into bus i by the generator. 
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Load buses 


i=l 


i = m + 1,. 


■,n 


( 2 . 12 ) 

^L,(K)+jQLi(y,) are complex power supplied at the load buses Th' ■ 
voltage dependent. ' ' ' is 

Equations (2.1 1) and (2.12) are the re^^i ^ 
ail the n buses. Equation (2.11) shows the interaTtiorif He TT 
state variables <?,. £■. and ,p (2., 2) A . and O " ^ 

i, ana yj, will be negative for passive load. 


Ua’,+yy,/)e^(‘*<-*'2) 
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Fig. 2.5 Generalized load electrical dynamic circuit 


Separating (2.1 1) and (2.12) into real and imaginary parts yields the following 


IdiViSmiSi -0^)+I^^V,-cos(Si -^i)+VLi(Vi) 


- E V/Vk Yik cos(0i -Ok- an , ) = 0 / = 1,2, ,m 


IdtVi cos(5i -Oi)- sin(^,- -^/)+ QuiVi) 


- E ViVk Yik sin(^/ -Oj,- an, ) = 0 z = 1,2, ,m 

k=\ 


p Li (Vi ) - E ViVk Yn, cos(0j- -0k-^i/c) = O i = m + 1, , n 

k=l 

n 

Qu (Vi ) - E ViV/, Yn, sm(9i -9k-<^ik) = ^ i = m + 1, , n 

A: = l 


(2.13) 

(2.14) 

(2.15) 

(2.16) 
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Thus, there are in all 


Seven differential equations (2.|.2,7) for each machine, i.e., a total of 7 m 

differential equations for m machines. 

One complex stator algebraic equation (2.8) comprising two algebraic equations. 
(2.9-2.10) for each machine, i.e., a total of 2m algebraic equations. 

One complex network equation. ( 2 . 11 - 2 . 12 ) comprising two algebraic equations 

each at each network bus, i.e., a total of 2n algebraic equations. 


Thus, there are 7m+2m+2n equations with ^ = as the ‘state 

yectot^ I [5, 0 ), Ej-jj for each machine. 

j> ^ [4/ ^ ^ set of algebraic variables, where 


Iqmf\ F = [J/^ ■ 


where 


y lb Liic 


»mpkx bus voltage vector comprising and V,. Where is 

vector and V, is ,„ad bus voltage vector. The set of net injected 

ge„eratoreurrentsisgivenby/^=/^_^_ 

H«for= (2.I.2.7) togefter rvift stator algebraic equations (2 9) and f7 trtr a 

5 ,«,*»l»‘i»“( 2 J 3 - 2 .i 6 ) fonnasetof differential alo h • ^ P.IO) and 
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X,f{Xj,U) 


(2.17) 

(2.18) 
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where V = [Z7j,- . Note that Ui,i = \,---,m is associated with machine i and is 

given by U ^ ■ 

Equations (2.17) and (2. 1 8) can be rewritten as 


X = f^{X,Id-qy,U) (2.19) 

id-g=Kxy) ( 2 . 20 ) 

0 = gyXJd-qy) ( 2 . 21 ) 

Substituting (2.20) in (2.19) and (2.21) gives 

X = MXy,U) ( 2 . 22 ) 

0 = gl(X,F) (2.23) 


Equation (2.23) is in the power-balance form because power at each network bus 
is equated. This is the differential-algebraic equation (DAE) analytical model with the 
network algebraic variables in the polar form. This form is preferred because in load-flow 
equations the voltages are generally in polar form. Another form in which DAE model 
can be developed is current balance form where the nodal set of equations is utilized. 
This is written as current balance form. 

I = YnV 

where is the nxn bus admittance matrix of the network, / is the net injected' 

current vector and V is the bus voltage vector. Depending on the manner in which I is 
expressed, the equation can take different foims. 

2.1.2 Linerization of DAE for Model-I 

Differential equations (2. 1-2.7) are linearized and expressed in matrix form as 
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AX,- = ^1, AX, + A/j, + >l3,. A Kj, + £,. At/, 


g‘ 


..m 


(2.24) 


1 

1 


'A 0 i' 


'Arv/i ^ 


> 

II 


; and AUj = 


A/^t_ 



^ ^ ref ! 


where, Algj = 


For m-machine system, (2.24) can be expressed as 
AX + A2 Alg + A^ AVg + E AU 

Various matrices in (2.24) and (2.25) are described in Appendix A.i 
Linearization of (2.9) and ( 2 . 10 ) yields 


0 = fi„ AX,+B2,A/y,+i3,At-j, , = 1,2, 

combining above m equations we get 
0 = B^AX + B2AIg+B^ AVg 


(2.25) 


(2.26) 


(2.27) 


where B^, B 2 and B 3 are block diagonal matrices. Details of (2.26) are given in 
Appendix A. 2 . 

Linearization of (2.13) and (2.14) yields 


0 - q AV + C2 + C3 + C4 AF/ + ASig (V) 

where Cj and Cj the block diagonal matrices 


A.2. 


(2.28) 

and C 3 and C 4 are defined in Appendix 
Lmearizing (2A5) and (2.16), which pertain to load buses yields 
0 = ASii (V) + Di AVg +D2AV1 

(2.29) 


30 



where Z>j and Di are matrices as defined in Appendix A.2. 

Equations (2.25), (2.27), (2.28) and (2.29) together constitute the DAE model for 
multimachine system. 

After elimination of Mg from (2.25), (2.27) and (2.28), Equation (2.29) is 
combined to yield the following 


a;^' 


'^Imod ^hnod ^3mod 

' MC' 
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E' 

0 

= 

K2 /f, C 4 

<1 



+ 

0 
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C ?1 D 2 

AVi 


.^Ll_ 


0 


At/ 


(2.30) 


Various matrices are defined in Appendix A. 2 . 

The variables in the vector AV = [AVg AE/]^ are not in proper load flow 
format and hence reordering is done. The variables are reordered in the vector 
AV = [AVg AVif such that the new vector is 


[Az* 


Av‘] = [A^I,AFi,...,AF^| A^^,A^j,...,A^„,AF^^.l,...,AFJ. Here Av 


represents those variables appearing in the standard load flow equations and Az, the 
remaining ones in AF. Similarly, the variables in [AA/,^ AA^/j^are reordered as 


[AP£i,Ag£],...,A|g/,,„ I APi2,APi2,... 


AQl„] = [ASI 



Since angles are expressed individually and not as difference with respect to a 
reference machine angle, (2.30) will always result in a zero eigenvalue. Hence DAE 
rnodel for multimachine system after reordering is as given by (2.31). 
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This DAE model allows voltage dependency for the loads in the vectors and 
AiS '2 . For the constant power case, both AS"] and A5’2 are equal to zero. Then (2.3 1 ) can 
be rewritten as 


'ax' 


^\mod ^2new ^3new 

~AX' 

0 

= 

^2 ^Inew ^4new 

Az 
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_ ^Inew ^2new_ 

Av 


E 

0 
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AU 


(2.32) 


where Djfjew is the load flow Jacobian and 



r* 

^4rtew 

_^lnew 

^2new 


is the algebraic Jacobian. 

The system matrix can be obtained as 
AX = A^^AX + EAU 

where 


(2.33) 
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stability, voltage stability and low frequency electromechanical oscillations. 








2.2 MODEL-II 


In tWs tte machine is modeled as ,wo-axis synchronous machine as before while 
the exciter is represented by a static exciter as shown in Fin 2 6 The e t 

to synchronous machine are same as (212 41 h i, 

® ^ (21-2.4) whereas, the exciter is modeled as given in 
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(2,34) 


Tai(^) = - V,) i = 1,2, ,m 



In this case when the machine is equipped with static exciter instead of IEEE type-I 
rotating exciter, (2. 5-2.7) are replaced by (2.34). Hence there will be 5m state variables. 
Remaining procedure is same as that adopted with IEEE type-I exciter system. 

2.3 DEVELOPMENT OF THE MATLAB SOFTWARE PROGRAM 

MATLAB is a high-performance language for technical computing. It integrates 
computation, visualization and programming in an easy-to-use environment where 
problems and solutions are expressed in familiar mathematical notations. MATLAB 
features a family of application-specific solutions called toolboxes. Toolboxes are 
comprehensive collections of MATLAB functions that can be used to solve particular 
class of problems. MATLAB is a high-level matrix/array language with control flow 
statements, functions, data structures, input/output, and object-oriented programming 
features. MATLAB does not require dimensioning of matrices. It includes high-level 
commands for two-dimensional and three-dimensional data visualization. Graphical User 
Interface (GUI) can also be built with MATLAB. 

Based on the methodology described in Section 2.1.1, a small signal stability 
program has been developed using MATLAB version 5.3. The developed small signal 
stability program is general, interactive and includes error identification procedures. As 
MATLAB does not require dimensioning and the developed small signal stability 
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program is general, i, can be utiiiaed ,o analyze small signal siab.ii.y of large elcc, ' 
power sysrenrs. A dralog boa of ,e developed program is shown in Appendix A 3 


2.4 CASE STUDY WITH SYSTEM MODEL-I 
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Table 2.1 Eigenvalues of WSCC system 


Eigenvalues from [97] 

Eigenvalues from 
developed MATLAB 
program 

- 0.7209 ± 712.7486 

-0.7198 ± 712.7456 

- 0.1908 ± 78.3672 

-0.1906 ± 78.3660 

-5.4875 + 77.9487 

- 5.6867 ± 77.9663 

- 5.3236 ± 77.9220 

-5.3644 ± 77.9311 

-5.2218± 77.8161 

- 5.2287 ± 77.8263 

-5.1761 

-5.1779 

-3.3995 

-3.3993 

-0.4445 + 71.2104 

-0.4513 ± 71.1997 

-0.4394 ±70.7392 

- 0.4481 ± 70.7291 

- 0.4260 ± 70.4960 

- 0.4366 ± 70.4868 

-0.0000 

- 0.0000 

-0.0000 

- 0.0000 

-3.2258 

-3.2258 


2.5 CONCLUSIONS 

In this chapter, a comprehensive dynamic models of multimachine power systein 
has been developed using MATLAB 5.3 to study both small signal stability and voltage 
stability of an electric power system. This program has provision to incorporate both 
static and rotating exciters. The program developed is general, interactive in nature and 
posses error detection features. The results of the developed MATLAB program are 
correlated with the results published in [97]. The program works satisfactorily for 39-bus 
New England System and 68-bus system [98]. The results related to these systems are 
presented in subsequent chapters. 

The most important feature of this program is that it is modular and can 
incorporate Flexible Alternating Current Transmission System (FACTS) devices such as 
Static VAR Compensator (SVC), Thyristor Controlled Series Capacitor (TCSC), Static 
Compensator (STATCOM), Static Synchronous Series Capacitor (SSSC) etc. as reported 
in subsequent chapters. 
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Chapter 3 



MODELING AND INCORPORATION OF FACTS 
DEVICES IN MULTIMACHINE SYSTEMS 






° auu Uicii incorporation in the 

mutamachine system model developed in Chapter 2. FACTS devices use solid state 

inverters for power flow control at the transmission level [99], FACTS devices such as 
Static Var Compensator (SVC) and Thyristor Controlled Series Capacitor (TCSC) -ire 
mdized using thyristors and passive devices, A new generation of FACTS devices are 
on the self commutated Voltage Source Inveriers (VSI) using Gate-Tun,' OIT 

St f S ° '* ™ln*s Static Synchronous Compensator (STATCOM) 

Sta^ Synchronous Series Capacitor (SSSC), VSI-hased Static Phase Shifter (SP^ 

nifi^PowerFlowControllerfUPFOandEnergySystemswithVSI-interface. ' ' ’ 

1 lus chapter deals with the modeling of four kev F a ptq • 

STATCOM and SSSC TU a.- * '^^CTS devices viz. SVC, TCSC. 

At CUM and SSSC. The modeling of each device is presented in o i 
section. Each section briefly describes the h ■ ■ ■"dependent 

equations of the device i.asLia et m a “ 

.stem model developed m” ;; : “ 

developed incorporaflng each of the four rcts"""" 

model. This chapter also presents the' • '”‘‘l‘""aebiiie system 

F incorporation of multinlpFAPTc i ■ 

TCSC, STATCOM-TCSC into the nh , ' ® 

C mto the above muittmachine system model. 

3.1 STATIC VAR COMPENSATOR 

Static Var Compensators are shunt connected static n 
whose outputs are varied so as to generators and/or absorbers 

system. Tbetemiv,,^,,::;^;;”^ ~rs of the electric power 

SVCs have been extensively emnloved ' moving or rotating main components. 

y employed m power systems since 1 970s. 
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There are several configurations of the SVC possible, the most common ones being 


(i) FC-TCR (Fixed Capacitor-Thyristor Controlled Reactor) 

(ii) TSC-TCR (Thyristor switched Capacitor-Thyristor Controlled Reactor) 

In its simplest form SVC is composed of FC-TCR configuration as shown in Fig. 3.1. 
The SVC is connected to a coupling transformer that is connected directly to the ac bus 
whose voltage is to be regulated. The effective reactance of the FC-TCR is varied by 
firing angle control of the thyristors. The firing angle can be controlled through a PI 
controller in such a way that the voltage of the bus where the SVC is connected is 
maintained at the desired reference value. 




Coupling transformer 



TCR 


Fig. 3.1 Simplified one line diagram of SVC 


The SVC control characteristic is shown in Fig. 3.2. This plots the ac bus voltage 
at the point where the SVC is connected against variation in SVC current {I svc'^- can 
be seen that ac system voltage varies linearly with slope K from the reference setting 
Vref . This characteristic is also called the droop characteristic as it indicates the droop in 

voltage due to current drav/n. Composite SVC and power system characteristics are 
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depicted in Fig. 3.3. Three power system characteristics are considered, i hc mi IH, 
charactensnc represents nominal system condition, and is assumed to intersect the .SVr 
characteristic at pomt .4 where V = and I,,, is aero. If the bos t , ,„age falls w„w 

Kef due to increase in system load level, the SVC holds the voltaae at f ,h , 

at t o that Would 

otherwise drop to K, widtou, SVC. this case the SVC must become more capacitive 

d.m.e m system loading, the system voltage wll, Increase to K, withe, . ,s VC. W.th the 

. e operanng pom, moves to point 5 . The SVC regulates the system voltage to f 
by absorbing inductive current /j . In this case the SVP h ■ - 4 

vol^ge ,0 dte desired value Outs de dte 

or feed inductor. ’ capacitor 





- ^ ^ xo ollUVvn in Rirr 1 A 

represented by a variable susceptanoe V " “-c SVC is 

•he SVC conholler dynamics are considered Be d ''' 

■ droop characteristic is modeled by a 
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constant K. Time constants for both voltage and current measurement circuits are 
assumed to be equal to . The voltage regulator is modeled as a proportional plus 

integral (PI) controller. The output of the SVC controller is 5;-e/,5FC represents 

the desired suscepatnce. This susceptance gets implemented at the SVC terminals after a 
firing delay which is represented by the time constant . Typically is of a cycle. 

The susceptance of the SVC is B^vc which is also a state variable denoted as X^svc ■ 
The voltage at the SVC bus, , is multiplied by the negative of the susceptance to get 
the current injected l^yQ into the system. Various parameters of the SVC are given in 
Appendix D.2. 



Fig. 3.3 Graphical operation of SVC for given system conditions 
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• 1 -^isvc 

Fig. 3.4 SVC block diagram 


3.1.1 State Equations of SVC with Controller 
Linearized State Equations of SVC 


The state equations of the SVC can be written as [13] 

hsVC-jAVsyc(} + KX,syc)-X,syc] ^ 

^isvc^l^i(.K^,svc-X^svc) P 

W (3,3) 

The reactive power Q,,, supplied by the SVC can be written an 

^SYC = VsVC ^3SVC 

(3.4) 
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Linearization of (3. 1-3 .4) yields 


^ISVC - ^ "^SVC Q + KX 2SVCo ) + ^SVCo ^ X>C2SVC “ ^15FC ] (3 .5) 

^2SVC = Kj (AV^^f svc - ^ISVC ) ( 3 . 6 ) 

^3SFC =^l^2syc +^p(^^re/,syc -^]svc)-^3syc] (3.7) 

= 2 ysyCo ^^SVC ^SSVCo + ^SVCo ^3SVC (3.8) 


where “A” denotes perturbed value and subscript “o ” denotes the nominal value. 

The above equations are linearized, reordered and then expressed as 

^3 new 
^svcnew 
^^new 
^2nerw_svc 

( 3 . 9 ) 


^sys-svc ■“ ^sys-svc ^sys-svc + ^SVC ( 3 . 10 ) 

Then the eigenvalues of system with SVC can be computed. Details of SVC 
modeling are given in Appendix D, 1. 


AX 

^SVC 

Az 

Av 


XX 


^Imod 

-^Ijvc 

^2new 

AXgvc 


^2svc 

^SVC 

^3svc 

0 


K2 

P 

^Asvc 

^Inew 

0 


1 

^svc 

^Inew^svc 


E 

0 

0 

0 


AU 


Equation (3.9) can be written as 
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3.1.2 Interpretation of SVC Operation in Load Flow 


In load flow studies, the bus where SVC is connected is treated as a PV bus I 
practtce SVC becomes capacitive as the bus voltage starts falling. The FC-TCR mod 1 r 
an SVC has been shown in Fig 3 1 Suppose SVC bs , , 

- - SVC can be .on;, of “cX:;: "" 

P of the SVC ts flns range, the SVC acts like a PV bus and the voltage of the SVC 

bus rematnsatprespecifled voltage. However, ifflte susceptance iimits are vioiated ^ 
SVC acts like a PQ bus. viuiaiea, the 


3.1.3 Case Study 




— vv./ T ^ 


ima oeen 


system. IN this new systent a bus 4 b V “—anon ot the 9 bus WSCC 
bopveen buses 6 and 8 tl31 An SVC 

-ult of inserting the ZT “ " 

6 uic ovi.. DUS, the buses are renumbp^rt tu 

with static exciter. Thus fltere are five state variables for each ' 7 

SVC data and converged load flow dam of flte sX “ " 

SVC is given in Appendix D.2. “"‘'“i™ with 

A MATLAB program is developed which can inco 
developed MATLAB program is general and ' . ■ 

With the developed MATXab progUd ^‘ne-aiues 

eigenvalues obtained using the delpeCX '' 

reported eigenvalues in [I 3 J. Program are closely following the 

Apart from conventional voltage contmii 
the SVC to enhance system damping. Many signlfrlkTlZ 
power, computed internal frequency has b ' renotive 

rcanbeaddediuflresimi^X 




Fig. 3.5 WSCC system with SVC at bus 4 


Table 3.1 Eigenvalues of WSCC system with SVC 


From [13] 

From developed 
MATLAB program 

-78.4325 

- 78.4309 

-10.2417 ± y26.2143 

- 10.2421 ±726.2120 

- 0.8432 ± yi 2.7698 

-0.8424 ±712.7669 

- 0.2677 ± y8.4245 

-0.2674 ±78.4233 

-4.691 8 ± jl.3196 

-4.6989 ±71.3187 

-3.8082± 71.5021 

-3.8089 ±71.5006 

-2.6818 ±72.0672 

-2.6815 ±72.0675 

-1.7352 

- 1.7356 

-0.0000 

- 0.0000 

-0.1365 

-0.1365 

-0.8871 

-0.8867 

-3.2258 

- 3.2258 
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3.2 THYRISTOR CONTROLLED SERIES CAPACITOR 


Thyristor Controlled Series Capacitor (TCSC) provides powerful means of 
controlling and increasing power transfer level of a system by varying the apparent 
impedance of a specific transmission line. A TCSC can be utilized in a planned way for 
contingencies to enhance power system stability. Using TCSC, it is possible to operate 
stably at power levels well beyond those for which the system was originally intended 
without endangering system stability [101]. Apart from this, TCSC is also being used to 
mitigate SSR (Sub Synchronous Resonance) [21, 24]. A TCSC module comprises of a 
series capacitor, a pair of anti-parallel thyristors with inductor in parallel path, a metal- 
oxide varistor (MOV) for over voltage protection and a bypass breaker as shown in Fig. 


3.6. 


Circuit Breaker 



TCSCs are in service for quite some time now. They have been installed on 
Southern California Edison (SCE) 500 kV system in 1985 to mitigate SSR, on American 
Electric Power (AEP) 345 kV system in 1991 for power flow control, on Western Area 
Power Administration (WAP A) 230 kV system in 1992 with many control features for 
improving system performance. On BPA 500 kV system in 1993, a multi-module TCSC 
has been installed. 
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3.2.1 Operating Modes 


TCSC can operate in three modes. They are 

(1) Thyristor blocked (no gating and zero thyristor conduction) 

(2) Thyristor bypassed (continuous gating and full thyristor conduction) 

(3) Vernier operation with phase control of gating signals 

These are shown in Figs. 3.7 and 3.8. 



Thyristor blocked Thyristors bypassed 

Fig. 3.7 Blocked and Bypassed operating modes of TCSC 


In case of blocked operating mode, the TCSC net impedance is just capacitive 
reactance. In case of bypass mode, as the thyristors are fully conducting, most of the line 
current flows through thyristors and hence TCSC has small net inductive reactance. 



Capacitive vernier mode Inductive vernier mode 

Fig. 3.8 Vernier operating modes of TCSC with partial thyristor conduction 

In vernier control, thyristors are conducted in such a manner that a controlled 
amount of inductive current can circulate through the capacitor thereby increasing 
effective capacitive /inductive reactance of the module. Bold and thick arrow shows 
direction of circulating current in Figs. 3.7-3. 8. 
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The breaker removes the TCSC from service when there are internal TCSC 
failures, whereas thyristor bypass mode is used to provide control and protective 

measures. 


3.2.2 Controller Model 


The structure of the TCSC is the same as that of a FC-TCR type SVC. The 
equivalent impedance of the TCSC can be modeled using the following equation [19], 


X 


TCSC 


2 - 'rr 1\2 2 


K 


-I 


TT 




■tan—)] 

2 


(3.11) 


where 

a = Firing angle delay (after forward valve voltage) 
<j = Conduction angle = 2 (;t - a) and 

K =TCSC ratio =-JXjXi 


For a typical TCSC ratio, at = lO , Fig. 3.9 shows values of X^^sc for different 
values of firing angle a. Different values of k yield different resonance points. As 

shown in Fig. 3.9, resonance occurs for firing angle 151.5 . The device can be 
continuously controlled in the capacitive or inductive zone by varying firing angle in a 
predetermined fashion thus avoiding steady state resonance region. 

As a TCSC is connected in series with transmission line, the resonant point must 
be avoided to prevent harmonic problems and large internal currents that may damage the 
controller. Operation of this controller “close” to the resonant point is not practical in 
steady state either, as this may induce substantial harmonics in the line current [19]. Also 
the steady state TCSC operation in the inductive region is equivalent to reducing the 
transmission system capability [19]. Hence, the steady state limits for the firing angle can 

be defined as ( «.( 180 . Firing angle corresponds to resonant point. 
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Let a TCSC be connected between bus k and bus m as shown in Fig. 3.10. It has 
been assumed that the controller is lossless. The power-balance equation and are 

given as [19] 


h ^TCSC sin(0/^ -9^) 

Qk = ^TCSC ~ ^k^m^TCSC ~ ^m) 

= ^k ^TCSC -^k) 

Qm = Vit BjcsC - ^k^m^TCSC COS(<9„ - 9 ]^ ) 

4 2 

^TCSC = +1) COS A-(;r - a)l{X^ {tck^ cos k{k - a) 

-n cos A:(;;r - a) - 2/ir '‘a cos /c(;r - a) 

+2aK cos/c(^ — a)—K^sin2cccosK(^~a) 

2 

+K sin 2a cos K{7r -a)- 4 k^ cos^ a sin k( 7 i: - a) 

A 2 

- 4 k cos or sin a cos A:(;r - «))] 

Equation (3.16) is obtained from (3.1 1). 

There are number of control strategies for TCSC [19] 


Reactance Control: 

^set - ^TCSC - 0 

Power Control: 

^set = 0 

Current Control: 

^ set = 0 

Transmission angle 

0 
§ 

1 

1 

II 

o 


where the subscript “set" indicates set point. 


(3.12) 

(3.13) 

(3.14) 

(3.15) 


(3.16) 
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Any of the above mentioned control strategies can be used to achieve the 
objectives of TCSC. Of these, the power control strategy has been used here, the block 
diagram of which is shown in Fig. 3.11. 



Fig. 3.11 TCSC power controller 


The line power is monitored and compared to desired power P^et ■ The error is fed 

to proportional-integral (PI) controller. The output of PI controller is fed through a first 
order block to get the desired a . The controller equations are given as 


^ITCSC = —{Pset -P) 


(3.17) 




= KTP..f-K,P 


2TCSC = ^I^set 


(3.18) 


_-Xixcsc . ^ITCSC , ^pPset KpP a 
■^\TCSC + + 


'cl 


'd 


'cl 


^’cl 


(3.19) 


In order to get the linearized model of TCSC, (3.12-3.16), (3.18) and (3.19) are 
linearized. The linearized TCSC model in matrix notation can be written as 


^TCSC -^TCSC ^TCSC + ^TCSC 


AVk 


A9: 


m 


AF„ 


(3.20) 
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where 


\TCSC 


2TCSC 


- ^TCSC ^ ITCSC + ^TCSC 


(3.21) 


Details of (3.20) and (3.21) are given in Appendices E.2 and E.3 respectively. 
Incorporation of (3.20), (3.21) and (2.30) gives DAE model of multimachine 
system with TCSC incorporated in the system. After reordering, final form of DAE 
model with TCSC is given as 


■^Imod ^Itcsc ^2 


^TCSC ^2tcsc ^TCSC 


tcscinew 


^2 ^4tcsc 


^TCSC I> 


\new tcsc 


^tcscnew ^^^TCSC 


^2new-tcsc Av 


+ 0 AU 


Equation (3.22) can be written ; 


(3.22) 


^SYS-TCSC Asys-tcsc aXsys-tcsc + Erase Ai/ ^ 

Details of (3.22) and (3.23) are given in Appendix E.2. 

Then the eigenvalues of multi-machine system with u 

bysiem with TCSC can be computed. 


(3.23) 
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3.3 STATIC SYNCHRONOUS COMPENSATOR 


The Static Synchronous Compensator (STATCOM) has been earlier known as 
Static Condenser (STATCON) or Advanced Static Var Compensator (ASVC) or Self- 
Commutated Static Var Compensator. A STATCOM is a shunt connected reactive 
compensation device, whose output can be varied so as to control specific parameters of 
electric power system. The STATCOM typically consists of a dc to ac inverter employing 
solid state switching devices and a set of inverter controls as shown in Fig. 3.12. 


AC power system 


V 


Coupling 
' transformer 


Solid state 

dc-ac 

inverter 


Switching 

control 

signals 


Inverter Power system 

signals signals 


Inverter and power 
system controls 


Vdc 


DC capacitor 


Fig. 3.12 Block diagram of a typical STATCOM 


The STATCOM provides operating characteristics similar to a rotating 
synchronous compensator (condenser), but it has no rotating components. The power 

fvf ,r.7; 

A... 13.42fl7. 
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electronic characteristic of STATCOM provides rapid controllability of the three phase 
voltages, both in magnitude and phase angle, at the point ot connection in the power 
system. 

3.3.1 Comparison of STATCOM and SVC Characteristics 



Fig. 3.13 Typical voltage versus current characteristics of S1'AT( '( )M and SVC 


Typical operating voltage-current characteristics of STATCOM and SVC are 
shown in Fig. 3.13.The STATCOM is able to maintain virtually constant \-oltagc at its 
point of connection to the power system by generating and absorbing reactive power 
within its control range. As evident from Fig. 3.13, the STA I COM cm. provide 
capacitive and reactive output cunents over the rated maximum capacitive and inductive 
current range independent of the system voltage. This is in contrast to an SVC which can 


only supply linearly decreasing output cmient with declining .sy.sicn voltage. Ilie 
inherent ehatacteristic makes the STATCOM more robust and effective than SVC in 
controlling specific parameter of the electric power system to enhance stability 
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performance. Fig. 3.13 also illustrates that the STATCOM, depending on its specification 
and the characteristic of the power electronic components used, may have an increased 
transient rating in both capacitive and inductive operating regions. Conventional SVC is 
only capable of increased transient rating in inductive output range. The STATCOM is 
able to provide reactive output linearly decreasing with system voltage, whereas the SVC 
reactive output decreases by the square of this voltage as shown in Fig. 3.14. 




(a) STATCOM (b) SVC 

Fig. 3.14 Typical voltage vs. reactive power characteristics of STATCOM and SVC 

The ideal behavior of the STATCOM is equivalent to that of a voltage source 
behind a reactance whose magnitude can be controlled in a rapid manner. This is 
different from the characteristic of an SVC whose behavior is equivalent to a voltage 
controlled shunt susceptance depending upon the system voltage at the connection point. 
The STATCOM can deliver rated current over the full voltage range like a rotating 
synchronous compensator. 
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3.3.2 Fundamental Concepts of STATCOM 



Fig. 3.15 Voltage-source inverter scheme for STATCOM 


-o lur reactive power 

generation/absorption is shown in Fig. 3,15. The dc input voltage K* to the STATCOM 

is provided by a dc storage capacitor C. From this the inverter produces a set of 
controllable three phase output voltages (E) at the fundamental frequency of the ac 
system. Each output voltage is in phase with, and coupled to cotresponding ac system 
voltage (V) via a relatively small (O.l-O.lS p.u.) reactance (X) that is usually the per 
phase leakage reactance of the coupling transformer and tie reactor on its own base Tie 
reactor represents various transformers raquired to form the multi-pulse waveform output 
.om the VST By vatying the amplitude of the output voltages produced, the reactL 
^wer exchange between the inverter and ac system can be controlled as illustrated in 
ig. 3.16. If the amplitude |£| of the output voltage phasor (£) is increased above the 

amphtude F of the ac system voltage phasor (F). then the cunent phasor leads the 
voltage phasor and current flows from inverter tn 

rr. . . . In this case inverter 

generates capacitive reactive power If the amnlitndf* f fu 

ac systel. Howetr.rteTlWe'T” 

of the ac system voltage, the LH polrerrlg! ^ 

and STATCOM Fig 3 16 sho the power system 

.03ses. " ^ ^ op-ion of STATCOM with 
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Fig. 3.16 Vector diagram of STATCOM operation with losses 

3.3.3 Inverter Configuration 

In its simplest form, an inverter contains six self-commutated semiconductor 
switches, S] —S^,, each composed of a GTO (Gate Turn Off) thyristor in reverse parallel 

with a diode as shown in Fig. 3.17. This arrangement is termed as two level, six-pulse 
inverter. These diodes are also called as feedback diodes because they maintain the 
continuity of load current flow. As every load has some inductance or capacitance (in this 
case power system is inductive in nature), the load current does not reverse at the same 
instant as the load voltage. The diodes connected in anti-parallel carry the load current till 
it becomes zero (negative current when the load voltage is positive). 

In practice, the elementary six-pulse inverter can not meet practical harmonic 
requirements either for the output voltages or for the input capacitor current. However, by 
combining a number of six pulse inverters into a multi-pulse structure (and/or using 
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appropriate pulse width modulation techniques or multi-level inverters), the output 
voltage distortion and capacitor ripple current can be theoretically reduced to any degree. 



Fig. 3.17 Basic six-pulse voltage-source inverter 


Thus, a STATCOM employing an ideal voltage source inverter, generates 
sinusoidal output voltages and draws sinusoidal reactive current from the ac system with 
zero average input current from the dc capacitor. In practice, due to system unbalance and 
other imperfections as well as economic considerations, these ideal conditions are not 
achieved, but can be approximated quite satisfactorily by inverter structures of 
sufficiently high pulse number (24 or higher). 

Furthemiore in a practical inverter, the semiconductor switches are not lossless 
and therefore the energy stored in the dc capacitor would be used up for meeting the 
internal losses. However, these losses can be supplied from the ac .system by making the 
output voltages of the inverter lag the ac system voltage by a small angle. In Ihis way the 

mverter absorbs a small amount of real power from the ae system to meet its internal 
losses and keep the capacitor voltage at the desired level. 




. ^ ***■'«' L-iuciiuii 01 me 

4o-pulsc inverter is given in deteil ^^71 a 

5 in aeiaii in [3b, 37], A modular structure of the 48-pulse 

inverterisshowninFig. 3.18 The ar<?iHp rtf tine. /io i • 

-pulse mverter is modeled as a voltage 

source in series with its internal impedance and dc side bv a curmnt ■ 

® current source m parallel 

Wtth do capacitor andaresishntcefV.fi^O.The resistances and a switch 

represents e,„ivalent GTO-diode combination as shot™ i„ Pi, 3.,, 
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the impedance appearing across terminals A-B can be approximated to when switch 
S is ON, and it becomes equal to when switch S is OFF. The 48-pulse inverter is 

connected to the system bus through an interfacing (coupling) transformer as shown in 
Fig. 3.18. 


System busbar 



Fig. 3.18 Modular structure for 48-pulse STATCOM inverter 



Fig. 3.19 Equivalent representation of a GTO-diode combination 






The equivalent circuit of the 48-pulse inverter is shown in Fig. 3.20 [36 37j 
this figure L^t and R^t referred magnetic circuit leakage inductance and inverter 
resistance respectively. R^^ =(R^^ + R^J/24 ( as there are 24 legs) and is the 
capacitance of the dc storage capacitor. 




(b) 

Fig. 3.20 Equivalent representation of a 48-puIse inverter (a) ac side, (b) dc side 


3,3.4 STATCOM Modeling 


To derive 48-pulse STATCOM modeling, equivalent representation of Fig 
considered with the following assumptions. 


3.20 is 


. Tie fundamental components of the injeeted voltage and are 

constdjed. The lowest order harmonic components for a 48-step inverter are 47* 
- 49 . As they have very small magnitudes, their effects have been neglected 

• Thethreephasevoltagesr„„rj„ and are balanced 


Here subscripts ‘ast’ nnri 

respectively. a, b attd c 

With the above assumptions, the STATCOM Ht/no • • 

can be written as equations for the three phases 


I 


d . 

dt ~ ~ 


-R 


St ^ast 


(3.24) 
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^st ^bst ^bt ^bst ^st ^bst 

d._ . 

■^st ~^^cst ~ ^ct ~ ^cst ~ ^st ^cst 


(3.25) 

(3.26) 


where i^st ■> hst ^cst the currents flowing in the three phases connected to the 
STATCOM. 

The fundamental components of the STATCOM voltage are given by the 
following equations [36, 37]. 


Vast = <y Vdc -ba + Ot) 

71 

(3.27) 

Vbst = V^c sin(ryr + a + ei — — ) 

TV 3 

(3.28) 

16^3 . 2n: 

Vest = sin(£ur + a + 9t+—) 

71 3 

(3.29) 


where a is the primary to secondary turns ratio of the interfacing transformer, a is the 
small angle between STATCOM output voltage and ac system bus voltage (angle 
between E and V in Fig. 3.16) and 9^ is the angle associated with the ac system bus 
where the STATCOM is connected. The instantaneous 3 - ^ ac bus voltages are given by 

=^wsin(iyr + ^;) (3.30) 

Ojr 

Vbt = sm(o)t + 9t-—) (3.31) 

2,% 

=^/«sin(tyr + ^^ +— ) (3.32) 

where Vp^ 


Fig. 3.20 (b) is redrawn and is shown in Fig. 3.21. The dc capacitor dynamics is 
governed by the following equations 
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The ciirrent source ^ is given as [36, 37] 


(3.33) 

(3.34) 


16^3 

dc ~ <^~^[sm((ot-^a + 9t)i^ 

^^va{m + a + 9f +^-\i i 
^ 2 ^ 


ast ■+ sin(6>/ a -^0^ - zfL'^ 


In compact form, the STATCOM model 


can then be written as 


Details of (3.36) are given in Appendix F.l . 


(3.35) 


(3.36) 
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3.3.5 State Feedback Controller with Integral Control 


A state feedback controller with integral control is designed for the STATCOM to 

achieve to regulate the ac bus voltage. The state feedback controller with integral control 
is of the following form 

^ ~ ~ ^dcref 

i.e. 

- ^dc ~ ^dcref (3.37) 

Since is constant, Linearizing (3.37) we get 


The combined state-space model of the STATCOM and controller is 


(3.38) 


stcom 


^Istcom 

o' 

^^stcom 


^Istcom 

[Acr]-i- 

^Sstcom 

At) 

1- J 


_ ^cont 

0 _ 

Ao 

— 


0 

— - 

0 


where =[0 0 1] 


We can then rewrite (3.39) as 

^ St at — -^onst ^stat + ^onst Acr + ^st 

In addition to the integral control, a state feedback controller is designed to obtain 
The state feedback is of the form 


(3.39) 


(3.40) 
A a. 


Aa = -[pi P2 P3 PAt^stat] 
i.e. 
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(3.41) 


Incoiporation of (3.41) into (3.40) gives 

^stat ^stat + ^onst i-^om ) ^stat + Kns/ ^ Kr 

i.e. 


In (3.42), is 4x4 matrix and is 4x2 


(3.42) 


matrix. 


TTe complex power given by fte STATCOM ,o fte system can be written 


as 


(3.43) 


^stcom '^jQstcom - Vt htcom 
^ ^stcom and are the real and reactive nnix 

S-COM.epen.ngontbeang.ebe.een . an. . .ig;~ “ 

small; V, .s the complex bus voltage where , 
the current flowing in the STATCOM branch. 


the STATCOM 


IS connected and 


resolve, in DQ components 


The STATCOM branch 


^stcom is 


as 


current is 


^stcom - ^Dst + y/, 


Qst 


After simplification, (3.43) can be wri 


wnttenas 


(3.44) 


St com jQstcom ~ 


V„eX‘‘*o,) 


S„+jX 


St 


After linearizaflon. (3.45) can be wriflen in manix form as 


(3.45) 
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AP 

^ stcom 
,^Qstcom 


^\mod ^^stat ^2 


Details of (3.46) are given in Appendix F.2. 


3.3.6 Incorporation of STATCOM in Multimachine System 


(3.46) 


The STATCOM model is given by (3.42) and (3.46) and these equations can be 
incorporated in the DAE multimachine model. Addition of power balance (3.46) of 
STATCOM in the multimachine system modifies D 2 „e^ of (2.32). Equations (2.15) and 

(2.16) get modified as shown below when STATCOM is connected in the system at 
specified load buses. 


^stcomi COS(^/ CCf/^) — 0 1 — 771 + 1, ,n (3.4-7) 

k=\ 

n 

Qstcomi + Qui^i) - sin(6»/ = 0 i = m +1, , n (3.48) 

k=\ 

Equation (3.49) is obtained after linearzation of (3.47) and (3.48) on the same lines as 
done before. 

^2new '^^Imod ^stat +-^1 I = ^ (3.49) 

where Nj^ew incorporates N 2 and has identical dimension as Di . 

Equation (3.49) can be rewritten as 

Nlmod ^stat + ^Vg + Dlstat = 0 ( 3 . 50 ) 
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where = A' 2 „„ + Z)^ 

Equations (3.42) and (3.50) are added to (2.3 


(2.30) and then reordered 


to get final 


K, P- 


+ \m 

0 


^Istat 

^2 new 

^3new 

A 

^stnew 

R 

^statlnew 

T> 

^statnew 

^^stat 

K 

^Inew 

^4new 

^\mod 

^Inewjstat 

^2 new St at 


Equation ( 3 . 51 ) can be 


Witten as 


(3.51) 


sys_statcom A^s_statccm ^sys_statcom + W 

(3.52) 

Various matrices of (3.52) ate defined in Appendix F 3 Usino (3 52 i ■ 

system with STATCOM can be computed. eigenvalues of the 

3.4 STATIC SYNCHRONOUS SERIES COMPENSATOR 

Static Series Synchronous Compensator fSSSr^ • , 

Senes Compensator. It is a series compensation d ' " “ ‘“°'™ “ 

inverter (VSl) that is fed by a dc storage ca 

reactive power compensation (STATCOM) '*““1 

nndri»snrissio„a„,ead)ustment.AcombJo“ 


end SSSC is called 
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Unified Power Flow Controller (UPFC). 

This section describes fundamental principles and characteristics, modeling of 
SSSC in multimachine system and a case study of WSCC system with SSSC connected 
in the system. 

3.4.1 Principle of SSSC 

Fig. 3.22 shows a two-machine system, in which series compensating device is a 
series capacitor. The Series capacitor decreases effective reactive line impedance. In 
other words, series capacitor increases the voltage across the impedance of the 
transmission line, thereby increasing the line current and the power flow over the line. 
The same series compensation can be achieved, if the capacitor is replaced by a 
synchronous ac voltage source, whose output precisely matches the voltage of the series 

capacitor ( = -j 1 ) as shown in Fig. 3.23. The phasor diagrams for two 

machine system compensated by capacitor and SSSC respectively are also shown in Figs. 
3.22 and 3.23. 

In Fig. 3.23, is the injected voltage by VSI through interfacing transformer 
and is given as 

(3.53) 

Where / is line current and /? is proportionality constant. Equation (3.53) shows that 
injected voltage by SSSC must be in quadrature (lagging) with the line current for 
capacitive mode. The output voltage from VSI can be reversed by simple control action 

to make it lead or lag the line current by 90° . In the inductive mode, the injected voltage 
decreases the voltage across the inductive line impedance and thus the series 
compensation has same effect as if the reactive line impedance has been increased. 
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Fig. 3J2 Series compensation of two- 


machine system using capacitor and its phasor 
diagram 




sssc injects the voltage in series with the lie. ■ 

*e injected voltage be redefined as respective of the line current. Let 
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V 

Psssc = Sin (5 + -— cos(<5 / 2) (3.54) 

A A If 

where F| = F 2 = F and S = Si -S 2 ■ 

Similarly power flow for the case when capacitor is being used for series 
compensation (Fig. 3.22) is 



(a) P versus S for different series capacitive (b) versus S for different Fy^^^ 
compensation 

Fig. 3.24 Transmitted power-angle curve for capacitor and SSSC 

The power-angle characteristics for series capacitor and SSSC are shovm in Fig. 
3.24. In this figure, F^^^^ is so chosen that it gives the same maximum power as the 
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series capacitor for the conesponding s (s = from Fig. 3,24 that 

at a given ^ . the series capacitor increases the transmitted power by a fixed percentage 

of uncompensated power whereas SSSC increases i, by a fixed fraction of maximum 
power transmitted by the uncompensated line. 

TTiere are various advantages of SSSC listed in [ 7 ], Some of them are as follows: 

• SSSC increases the transmiried power by a fraction of the maximum that can be 
transmitted by uncompensated line, independently of 5 in the range 0 < < 90 “ 

• SSSC can reveme the power flow over a line by reversing the polarity of the 

mjected voltage and making the injected voltage larger than the voltage Impressed 
across the uncompensated line. 

‘ — the series capacitor type compensation of the 

• SSSC can exchange both active and reactive power with the ac system bv 
con ollmg the angular position of the injected voltage with respect to line cument 

• SSSCcankeeptheeffective ratio high by providing compensation for line 

~ ~ independently of the degree of series compensation 

SSSC can not fotm series resonant circuit with the indunf n ■ 

Wtiate Subsynchmnous Resonance (SSR) i e SSSC is ' “ 

has vety fast response, it can be va, eltolve in 

oscillations. s^t>synchronous 

3.4.2 Modeling of SSSC 


A schematic diagram of SSSC is shown in Hg 3 2.5 If a 
that the main difference between STATCOM and SSSC ' ■ T 
devices to the power system. A STATCnu • ““tathton of these 

hus whereas an SSSC is connected in s ' " “ ahum at a 

"“™th the hansmission line as shown in Fig. 
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3.25. Both STATCOM and SSSC, produce compensating voltage through VSI. Therefore 
there is not much difference in the modeling approach. 

In this thesis, a 48-step inverter base SSSC is considered. Configuration, model 
and assumptions of the 48-step inverter have been discussed in detail in previous section 
pertaining to STATCOM therefore are not being repeated here. The SSSC model has 
been developed as independent unit and can be connected between any two buses. The 
equivalent circuit of 48-pulse inverter is shown in Fig. 3.26. 


AC power system 



DC capacitor 


Fig. 3.25 Block diagram of SSSC 



Fig. 3.26 Equivalent representation of a 48-pulse inverter 
(i) ac side for phase a (ii) dc side 


69 







In Fig. 3.26, i„and are referred leakage inductance and resistance of 
coupling transformer and magnetic circuit of voltage source inverter, is ,he SSSC 
output of phase a. is the net voltage across SSSC in phase a, and are 
the sending end and receiving end voltages of phase a, and and are 

capacitance of dc storage capacitor and inverter resistance respectively. 

The model has been derived using same assumptions as taken for STATCOM i.e. 

The fiindamental components of K,, J/- and i/ 

''asc’f'bsc and are considered and 

harmonics are neglected. 

• The three phase voltages , Fj,, and are balanced. 

With above assumptions, the SSSC d^amic equations for the three phases can be wri 


written 


T £.■ 

dt ~ ~ ~ ^SC iasc 


(3.56) 


7 ^ • 

dt ~ - R 


bsc ^sc ^bsc 


(3.57) 


^scjicsc=Vctsc-Vcsc-R..i. 


CSC -^SC ^CSC 


(3.58) 


hscy ibsc and are the line currents flowing in thp t-h 
Tlte fundamental components of SSSC s d’ 

equations [36, 37]. voltage are given by the following 


r/ __ 1 6^/3 

asc - sin(^/ + 

F ^ 6V3 /-j 

bsc M V ,j I a 


^dcsc sin(fi)/ + ef~^) 


(3.59) 

(3.60) 


70 



(3.61) 


^CSC = M Vdcsc sm(cot + ef+~) 

K -^3 

where fi is the primary to secondary turns ratio of the interfacing transformer and Of is 
the angle of the injected voltage of SSSC. 

The instantaneous 3 - <z5 sending end ac bus voltages are given by 


^ssca ~ sin(cy/ + ) 

I'JT 

^sscb = Vm sin(cyt + 0^-—) 

3 

'Ik 

^sscc ~ sin(n)r + + ~^) 


(3.62) 

(3.63) 

(3.64) 


where Vp^ and 6^ is the sending end bus voltage angle. Similarly 

instantaneous 3-(f> receiving end ac bus voltages can be written. Fig. 3.20 is redrawn 

and IS shown in Fig. 3.27. The dc capacitor dynamics is governed by the following 
equations 



Fig. 3.27 Current flow in dc side 


^dcsc ~ Oc ) ~ — 


^dcsc ^ 


n ^dcsc J ^dcsc 

V ^dcsc 


or 

d 

dt 


V, 


V. 


dcsc 


dcsc ^dcsc 


^ dcsc^dcsc ^dcsc 


(3.65) 


(3.66) 
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The current source is given as [36, 37] 

^dcsc - + 0f)iasc +sjn(^y/ +(9y 

+ sin(^y/ + ^/ +y)/,,J 


( 3 . 67 ) 


The procedure adopted in STATCOM is repealed and the f.dluu,„,. eun u. • 
obtained in matrix notation ' 


^SC - ^Issc ^SC + M2 ssc ^0f+ 

Equation (3.68) represents state-space model of SSSC wiiho 
matrices of (3.68) are defined in Appendix G. 1 . 


( 3 . 68 ) 


»t er,niroIler. \-anou.s 




As already discussed, SSSC should inject the vnit-, , • 
owent to enhance power transfer capacity of the t ' ■ ‘ 
is directly proporhonal to dc capacitor voltage So ZTI?"- ‘ 
capacitor voltage should be regulated The d ’ ■ " ' ' 

done by a controller. The integnU feedback 


nijcck'd \(»!fage). 


controller has been chus 


>wn licit’ 


cr 


ssc 


The state feedback controller with 

dese ^dcscref 


integral control is of the r„II„„„„. ,, 


U’lll 


i.e. 




dcscref 


( 3 . 69 ) 
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where is the desired voltage on the dc side and is constant. Thus linearizing (3.69) 

we get 

= l^Vdcsc (3.70) 

The combined state-space model of the SSSC and integral feedback controller is 


EX, o' 

= 

^\ssc 

o’ 

'AX,/ 

+ 

E^lssc 

[a^/]+ 

^3ssc 




. Em 

0_ 



0 

0 



where Eiy^ =[0 0 1] 


Equation (3.71) is rewritten as 


bX 


SSSC 


^onssc SSSC ^onssc ^ 


+ V AV 
^ onssc ssc 


(3.72) 


where 

^^SSSC ~ ssc ] ’ 


B 


onssc 


^2ssc 

0 


and 


A 


onssc ~ 


^\ssc 

. Em 


0 

0 


F, 


onssc 


^3ssc 

0 


In addition, a state feedback controller is used to compute A$y. This is given by 

Edf ~ ~[P 5’1 Ps2 P s3 

i.e. 




■ E onssc E^sssc 


(3.73) 
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Incorporation of (3.73) into (3.72) gives 


^^sssc ^onssc ^^sssc ^onssc ( ^ onssc^ sssc ^ansu' ^ 
i.e. 

^^sssc ~ -^ssscnew ^sssc ■*■ ^onssc ^ ^ssc 
where - -^onssc ~ ^onssc ^ onssc 

In (3.74), are 4x4 matrices. 


The power equation for SSSC can be 


written in matrix form as 


^^tsyci ^sssc ^^SSSC2 


( 3 . 75 ) 


Details of (3.75) are given in Appendix G.: 


3.4.4 tocorporaMon of SSSC io Multoachioo Sya.cm 

Equations (3.74) and (3.75) are the linearized equations „( the ssst ■ .... , . , 

■P the DAE multtmaohme model. Addition of ,3 75, „f ,sssc i„ „ 

multimachine system modifies D,„ of 12 371 1 . 

^2new 01 {Z.32). In order to vci the ivivc,.,- k..i 

equation with SSSC in the multimachine system t3 751 ■ , , 

Hence when SSSC is connected in the system beiv " '' 

a.^getmodiftedasshownhelow " 
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^sssc i + Pu (Pi) -Y j Pi Pk Yik cos(^,- - 9 1 , - a ii^) = Q i = m + \, ,n (3 . 76) 

k=\ 

n 

Qsssci + QuiPi)- Y^iPk^ik sin(9i -9i^-aik) = Q / = m + 1, ,n (3.77) 

k=l 

> 

Equation (3.78) is obtained after linearzation of (3.76) and (3.77) on the same 
lines as done before 


^sssc +1^1 ^Pg +P>2sssc ^Pl =0 (3.78) 

Details of (3.78) are given in Appendix G.2. 

Equations (3.74) and (3.78) are added to (2.30) and then reordered to get final 

form as 


AX 


1 

> 

o 

p 

^Isssc 

^^sssc 


Plsssc 

A 

^ssscnew 

0 


Ki 

^3sssc 

0 


. 

^555Cl 


E 

0 


^2new 

^3new 

AX 

^sssclnew 

^ssscnew 

^^sssc 

^\new 

^inew 

Az 

^Inew sssc 

^2 new sssc 

Av 


+ 


AZ7 


0 

0 


(3.79) 


Equation (3.79) can be written as 

sysjsssc ~ -^sysjsssc sysjsssc “*■ ^ssc 


(3.80) 



Details of (3.80) are given in Appendix G Sec. Ct.. 3. Tsing i l.Xf)), oii'cir* aluf, of the 
system with SSSC can be computed. 

3.5 INCORPORATION OF MULTIPLE FACTS DEVK ES 


Incorporation of multiple FACTS devices can be done on the' sanie lines a.s 
described for various FACTS devices. The models of \’arious 
developed on independent basis as done in Sections .1.1 -.1.4 for \ arion,s f ,\( is i . ■ , 
For example when SVC-TCSC combination is required to he incorporated m 
multimachine model of the system, following equation in matrix frtnn w ill enu-n'c 



Equation (3.81) can be written as 


^^2 new 


If A.V 

Bsvclnew 

Bsrcpiew 

1 

Bicschww 

Bicsenew j 


ff 



j 

0 


^I/iewsvfc ,Ji 

c> 


(1.81) 


‘^sne = Asvtc AX,„c + E^yrc AU 

(3.82) 

Details of (3.82) are given in Appendix H. I . 
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Similarly STATCOM-TCSC combination can also be incorporated in the 
multimachine model. 

3.6 CONCLUSIONS 

In this chapter modeling of various FACTS devices, viz., SVC, TCSC, 
STATCOM and SSSC using power balance formulation is presented. These developed 
modules of FACTS devices are modular in nature and can incorporate any type of 
controller with varying complexity. This chapter also describes methodology for 
incorporating the FACTS devices into multimachine model developed in Chapter 2. The 
methodology is general hence any number and any type of FACTS device can be 
incorporated in the mutlimachine model. Incorporation of multiple FACTS devices into 
multimachine model has also been described in this chapter. These models are utilized in 
subsequent chapters to assess the small signal stability of various power systems using 
the proposed placement methodology. Using these modules the interaction between two 
FACTS devices is also studied in subsequent chapters. 
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Chapter 4 



PLACEMENT STRATEGY OF FACTS DEVICES 

Due to ever increasing load demand and reduced rights of way, modern power 
transmission systems are forced to carry increasingly more power over long distances. 
Consequently, the transmission system becomes more stressed, which inturn, makes the 
system more vulnerable to stability and security problems [60, 54, 59, 61, 102, 104, 55, 
46]. There are several cases of voltage instability leading to voltage collapse in France, 
Belgium, United States, Japan, and in Ontario Hydro system in Canada [55]. The need of 
the hour is, therefore, to operate the high power transmission grid in a way that it is able 
to carry more power (ideally close to its thermal limit) over long distance without 
sacrificing its stability and security margins. The above task can only be accomplished 
when there is proper fast control over power flow in a transmission system. With the 
emergence of high power semiconductor switches, a number of control devices under the 
generic name of Flexible AC Transmission System (FACTS) have come under active 
consideration to achieve the above objective. 

FACTS controllers, by virtue of their fast controllability, are expected to maintain 
the stability and security margin of highly stressed power systems. A number of control 
strategies for FACTS controllers have been suggested in literature for this purpose [1, 
99]. However, to achieve the optimum performance of these controllers, proper 
placement of controlling devices in the grid is as important as an effective control 
strategy. Hence, it is imperative that proper placement strategy must precede the 
installation of any such device to obtain optimum performance. 

There are several indices/methods proposed in literature for placement of FACTS 
devices from voltage stability/small signal stability viewpoint [60, 54, 59, 61, 102, 104, 
55, 46, 83, 56, 47, 57, 91]. Various techniques such as Residue method [55, 91], Bus 
participation factor [46], Control area algorithm [83], Location Index for Effective 
Damping (LIED) [56], Hybrid optimization technique [47], Damping index [57] have 
been used for placement of FACTS devices. Weak lines/buses based on voltage stability 


78 




considerations have been proposed in [60, 54, 59, 61, 55] that could be probable locations 
for placing a FACTS device 

In this chapter a very simple method of identifying most critical segment is 
proposed using an extension of Voltage Phasors Approach (VP A), henceforth called as 
Extended Voltage Phasors Approach (EVP A). The results of EVP A are compared with 
Line Flow Index (LFI) Method [61]. LFI identifies exact location and cause of the 
voltage collapse (whether due to real or reactive power loading) by identifying critical 
lines instead of critical buses and also it does not require computation of the Jacobian 
matrix. 

4.1 LINE FLOW INDEX APPROACH 

The method for Line Flow Index (LFI) computation is well documented in [61]. 
The method is compared with the methods developed in [60, 54, 59]. In this method the 
power flow over a line is examined from either direction, i.e., power flowing from 
sending end (node /) to receiving end (node i + \) and vice versa. This leads to four 
different equations, two for the real power and two for the reactive power. Each of these 
equations can be utilized to determine a condition that can indicate the critical 
lines/buses. This methodology is discussed below. 

Let and A, be the resistance and reactance respectively of the line joining 

buses i and j; and represent real and reactive power flowing from node f; P^ and 
represent real and reactive power entering into node / + 1 . Then the real power P^ 
entering at the receiving end of a bus is given by 



where is the voltage of node i. 

Rearranging the above equation, the value of i] can be calculated from the roots 
of the following quadratic equation: 
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fTP--P^+Pr+:^Q:=^ 


(4.2) 


Since must be real, the following condition obtained from the ah(>\ c equation, must be 
satisfied for ensuring voltage stability. 




1-44 

^4 


Pr-^-rQf 

j/2 


>0 


(4.3) 


The second term in the left-hand side of (4.3) is the Line Mow Index of Sending 
end Real Power (LFISP). Proceeding similarly and using expre.ssions hu' real and reactive 
powers, the Line Flow Indices of Receiving end Real Power (1 MRP). Sending Fnd 
Reactive Power (LFISQ) and Receiving End Reactive Power (LFIKP). can be found out 
as 


LFISP: 



(4.4) 


LFIRP: 






M 




V: 


i+\ 


(4.5) 


LFISQ: 




4. 

V- 


\ 



j 


(4.6) 


LFIRQ: 




/+! 




1/2 
^ /+! 


P. 


(4.7) 


These Line Flow Indices are calculated for all the lines in ihe syslem and the lines 
wra high value (close to 1 .0) are considered as the critical lines. This is heeansc when the 
become close to unity, the roots tend to become imaginary. The receiving end bus 
of cnbcal lute is identified as die weakest bus from the voltage stability p„i, ' 


ability point of view 
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4.2 VOLTAGE PHASORS APPROACH (VP A) 


Gubina et al. [62] presented Voltage Collapse Proximity Index (VCPI) using 
VPA. They have shown that voltage phasors contain sufficient information to determine 
voltage collapse proximity and it is possible to identify transmission paths to the most 
critical load buses with respect to the real or reactive power loading. The main advantage 
of this method is that it is computationally less intensive, as it does not require 
computation of Jacobian matrices. A brief outline of voltage phasors approach is given 
below for ready reference. 

For a simple two bus system with bus 1 as generator bus and bus 2 as load bus, 
the critical condition for stable operation is reached when its Jacobian reaches singularity, 
i.e. 


detj=— ? 

dS2 dV2 dV2 852 


(4.8) 


Equation (4.8) gives the condition for stable operating limit as [62] 

0.5 F| = V 2 cos ^12 (4.9) 


where voltage phasors are denoted by F = , P and Q are active and reactive powers 

respectively. 





Fig. 4.1 Voltage phasor diagram for a two bus system 
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Fig. 4.1 shows voltage phasor diagram for a simple two bus s> stem. h is evident 
from this figure that V 2 cosS^ in (4.9) corresponds to the projection of load bus phasor 
V 2 on phasor Fj and voltage drop phasor represents the difference between the 
above projection and the sending end voltage phasor f j . I hen the stability condition can 
be expressed in terms of phasors. 

As the active power flow is strongly related to the angle variation, a transmission 
path with decreasing phase angles (voltage phase angles) can be identified. An Active 
Power Transmission Path (APTP) is defined as a sequence of connected bii.ses with 
declining phase angles. An APTP starts from a generator bus with the higiiest phase angle 
value and ends at a load bus with lowest phase angle value. 

Similarly, as the reactive power flow is strongly related to voltage magnitude 
variation, a transmission path with declining voltage magnitudes can be identified. A 
Reactive Power Transmission Path (RPTP) is defined as a sequence of connected buses 
with declining voltage magnitudes. A RPTP also starts from a generator bus with the 
highest voltage magnitude and ends at a load bus with lowest voltage magnitude. As the 
voltage collapse may occur at the load bus at the end of the identified transmission path, 
therefore all identified transmission paths (APTP and RPTP) arc considered for voltage 
collapse location and identification. 

A voltage stability index termed Transmission Path Stability Index (TPSI) has 
been proposed [62], which is defined as the difference between the halved generator 
phasor magnitude and the corrected voltage drop along a transmission path 


TPSI = 0.5 Vg-AV;, 


(4.10) 


where Vg is generator voltage phasor magnitude and AF' is sum of corrected voltage 

drops along a nansmission pads. The TPSI index is expressed in per uni, . When its value 

reaches zero, the power transfer on that transmission path becomes nnstahle due to 
voltage collapse [62]. 

a pof P™" transmission paths (APTPs 

and RPTPs respeettvely). Further VCPI is defined as minimum TPSI value of APTPs and 
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RPTPs. Minimum TPSI value for APTP/RPTP shows that voltage 
due to active power loading or reactive power loading in the system 


^tistability problem is 


4.3 PROPOSED STRATEGY FOR PLACEMENT OF FACTS DEVICES 


Both LFI and TPSI do not require calculation of Jacobian i. 

ence these methods 

are computationally less intensive. LFI identifies critical lines in<,t 

®sd of critical buses 

due to real/reactive power loading. LFIs for all lines in the systern a 

computed and the 

line with highest values of LFI is identified as most critical. Since j pr 

Is are calculated for 

each line in the system, four indices are required for each line. 


VPA identifies the critical transmission path due to real/] 


’^^active 


power loading 


[62], It is to be noted that while VPA identifies the critical path, h 

not identify the 

critical segment. Hence there is a need for modification in tb^ ■lrT^ 

VPA approach for 

identification of critical segment. The investigation presented beir, 

shows that VPA 

technique can be suitably modified to identify the critical segmeh+z, 

^^us of the system, 

which can be utilized for placement of a FACTS device. A close „ 

examination of VPA 

reveals that critical path identification is dependent on corrected voi+c 

^§e drop along a line 

segment. Hence, intuitively, the segment experiencing the maximn,.,, 

corrected voltage 

drop in the critical path may be construed as the optimum location f 

^ tor placing a FACTS 

device. This hypothesis is examined for various systems of differa^. . 

sizes at base case 

and maximum loading conditions (upto the non-convergence of i 

‘ flow). Studies 

performed on these systems reveal that this hypothesis works accura* , . 

®ly in all systems at 

different loading conditions. This hypothesis is now termed as Exw j , , 

Voltage Phasors 

Approach (EPVA). Further the EPVA is computationally mor^ 

^ efficient than LFI 

approach as it does not require four indices for each segment. 

A close examination of the EVPA leads to the following intd,.., 

^ ^^’Pretation.IfTPSIis 

minimum for APTP, a series device may be placed in the most cfitip-, 

1 segment, similarly 

if TPSI is minimum for RPTP, a shunt device can be placed at the n,. . 

^ost critical bus. 

This study has been done for four systems, viz. 6 bus [61], o , , 

. . ’’“s [97], 39 bus [I2j 

and 68 bus [98] systems at the original base case loading condition 

maximum loading 

condition (beyond which load flow does not converge) when pApTe 

V'tS devices are not 
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comiected. In all the systen, smdies LFIs of transfonners have been omitted aa th 
.reated as device segntents. This p«tice has been followed in an earlier paper 156^ 
The results of the four systems are compared with LFI approach and it is i. 
.ha. EVPA ts capahie of identifying critical segment/bus due to active/reac ' 
loadtng. Moreover this method requires much less computation effort than LFI 

as It does not require four indices for each segment. 


4.3.1 Six Bus Test System 


'.’T UlC O-DUS test svstpm I'o oU..., - V.,. 

system data for 6 -bus test svstem ic • • 

system is given in AoDendiY I r^n n 

taken from [97 451 The 6 hnc ' t ]• ynamic data has been 

2 —ly and loads at ail odter four buses. The load flow r sis , 7 
condtuon am also given in Appendix I. Bodt approaches viz LFI and V , ““ 

Approach are applied to the system. Fig. 4.3 shl I FI V 

base case loading condition. ^ ° vanous lines in the system at 








Various LFIs are tabulated and are given in A t 
( b) show values of various LFIs for the 6 -bus system 

“ 1, is dear from Fig. 4.3 Uiat toe LFISO ^ 1'”™ 

maximum and therefore line 2-5 and bus ^ ^ (segment 2-5) is 

condition. Thus from LFI approach line 2-5 11 ”T 

are most suitable locations for 
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placing FACTS device. As the index of LFISQ is maximum, therefore it seems logical 
that a suitable shunt FACTS device need to be placed at bus 5 for voltage profile/stability 
improvement. 



1234567 1234567 

Line number Line number 

(a) (b) 

Fig. 4.3 LFIs of various line for 6-bus system at base case loading condition 

Fig. 4.4 shows the voltage profile of the 6-bus system at base case loading 
condition. It is clear that voltage of bus 5 is less than any other load bus in the system. 
Hence bus 5 can be the candidate bus for placement of a shunt device. 

1 - 
0.96 
^ 0.92 

a 
00 

^ 0.88 
o 

> 

0.84 
0.8 

Fig. 4.4 Voltage profile of 6-bus system at base case loading condition 



1 2 3 4 5 6 
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The Voltage Phaser Approach requires identification of Active Power 

Transmission Path (APTP) and Reactive Power Transmission Path (RPTP) together with 

the computation of Transmission Path Stability Index (TPSI). The minimum value of 

TPSI for a particular APTP or RPTP signifies that that particular path is most critical 

Various APTPs and RPTPs for the 6-bus system at base case loading condition are given 

in Table 4.1. In general, APTPs are written as Al, A2...., and RPTPs are written as Rl 

R2.... First bus m each APTP and RPTP indicates generator bus number e.g. Al 

specified as (1-6) (6-5) indicates that this segment starts from generator 1. There are 5 

active and 5 reactive paths as shown in Table 4.1. It is revealed in Table 4.1 that the 

system has same APTPs and RPTPs. Hence, same TPSI values are obtained as shown in 
Fig. 4.5. 

Table 4.1 Active and Reactive transmission paAs for the 6-bus system at base case 

loading condition 


Active Power Transmission Paths 
(APTP) 


Path No. 

Line connection 
from bus to bus 

Al 

(1-6) (6-5) 

A2 

(1-4) (4-3) 

A3 

(1-4) (4-6) (6-5) 

A4 

(2-5) 

r A5 

(2-3) 



Path number 


Reactive Power Transmission Paths 
, (RPTPi 


Path No. 

Line connection 
from bus to bus 

Rl 

(1-6) (6-5) 

R2 

(1-4) (4-3) ~ 

R3 

(1-4) (4-6) (6-5) 

R4 

(2-5) 

R5 

(2-3) 


0.44 

0.42 

0.4 

Ph 0.38- 

C—' 

0.36- 

0.34- 

0.32- 




Rl R2 R3 R4 R5 

Path number 


Fig. 4.5 TPSI for APTPs and RPTPs 


at base case loading condition 


9/: 





Fig. 4.5 shows that TPSI for paths A4 and R4 are minimum. Table 4.1 shows that 
A4 and R4 corresponds to the line segment 2-5. Hence from the consideration of APTP 
and RPTP both line segment 2-5 and bus 5 are critical. The results of Extended Voltage 
Phasor Approach (EVPA) match with LFI approach. Hence for base case condition line 
segment 2-5 and bus 5 are appropriate places for placing a FACTS device. This result 
also correlates with that reported in [60]. 

4.3.2 Nine Bus WSCC Test System 

The schematic diagram of nine bus WSCC test system [97] is shown in Fig. 4.6. 
System data at base case loading is shown in Appendix J. 

Both VPA and LFI approaches are applied at base case loading condition of 
WSCC 9-bus system. Fig. 4.7 shows Line Flow Indices for various lines in the system. It 
is indicated from Fig. 4.7 that line number 6 (line segment 7-5) has the highest index 
value. Various LFIs are also listed in Appendix J. The maximum index is due to LFIRP 
(receiving end real power index), therefore a suitable series FACTS device needs to be 
placed in line 7-5. 



Fig. 4.6 Schematic diagram of the 9-bus test system 
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F.g. 4.8 shows the voltage profile of the 9-bus system at base case loadin 
condition. It is evident from Fig. 4.8 that voltage profile of the system is ,uite good! 
tee ease loading eondition. Therefore there is no need of eomrecfing any shunt dev.ce i„ 
fte system. LFI cons.derations also indicate drat there is no need for shunt device 



(b) 

■g. 4.7 LFIs of various line for dre 9-bus system at base case loading condition 

1 rvr 



1 ^ r- r* 

^23456789 
Bus number 

Fig. 4.8 Voltage profile of dre 9-bus system a, base case loa^ng condition 

sho™ in Tabll!"!e“a!r(“ " 

mentioned before they are ignored in the analysis"^!! ' 

tersmissionpathsandtworeactivepowertrensmissionpadrs 
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Fig. 4.9 depicts that TPSI of path A3 is minimum. The path A3 corresponds to the 
line segment (7-5) as shown from Table 4.2. Hence the line segment 7-5 is critical. The 
results of Extended Voltage Phasors Approach (EVP A) are seen to match with that of 
LFI. Hence for base case condition the line segment 7-5 is the appropriate place for 
placing a series FACTS device. 



Al A2 A3 A4 A5 A6 



Path number 


Path number 


Fig. 4,9 TPSI for APTP and RPTP at base case loading condition 


Table 4.2 Active and Reactive transmission paths for the 9-bus system at base case 

loading condition 


Active Power Transmission Paths 
(APTP) 


Path No. 

Line cormection 
from bus to bus 

Al 

(1-4) (4-5) 

A2 

(1-4) (4-6) 

A3 

(2-7) (7-5) 

A4 

(2-7) (7-8) 

A5 

(3-9) (9-6) 

A6 

(3-9) (9-8) 


Reactive Power Transmission Paths 
(RPTP) 


1 Path No. 

Line connection 
from bus to bus 

R1 

(1-4) (4-6) 

R2 

(1-4) (4-5) 
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4.3.3 Ten Machines, 39-Bus System 


The schematic diagram of the 10-machines, 39-bus system is given in Fig 4 j 
The system data has been adopted from [12] and is tabulated in Appendix K. Both EVPa 
and LFI approach are applied to this system at base case loading condition. While F' 
4.11 (a) depicts the real power indices LFISP and LFIRP, Fig. 4.11 (b) illustrates 
reactive power indices LFISQ and LFIRQ. Fig. 4. 1 1 shows Line Flow Indices for vl!' 
lines in the system at base case loading condition. Lines 1-12 correspond to transformers 
and hence are not shown in the Fig. 4.11. Various LFIs in tabular form are giv^ 
Appendix K. It is demonstrated from Fig. 4.1 1, that line 33 (the line segment 18-19)11" 
the highest index value, and therefore the line segment 19-18 and bus 18 are most critical 

from voltage stability viewpoint. This index is maximum for LFIRQ and therefore a 
shunt FACTS device is required in this case. 



Fig. 4.10 Schematic diagram of 10-machines, 39-bus system 
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Fig. 4.12 shows voltage profile of the 39-bus system at base case loading 
condition. There are two zones where voltage dip is more as compared to other buses. 
The First zone is from bus 13 to bus 18 and the second zone is from bus 31 to bus 35. 
Placing a device in one or both zones will improve the voltage profile of the system. LFI 
shows that bus 18 is the most critical bus where a shunt device can be placed. Bus 18 
belongs to first zone. 

Extended Voltage Phaser Approach needs identification of APTP and RPTP for 
TPSI evaluation. Various APTP and RPTP are shown in Appendix K. Fig. 4.13 (a) and 
(b) show TPSI values for APTP and RPTP at base case loading condition respectively. In 
Fig. 4.13 (a) paths A13 and A14 have only transformers, hence zero values are shown for 
paths A13 and A14. Similarly in Fig. 4.13 (b) path Rll consists of only transformer and 
hence its value is tilso shown to be zero. A-close look at Fig. 4.13 (a) and (b) reveals that 
Active Power Transmission Path A4 (line segments (2-19), (19-18)) and Reactive Power 
Transmission Path R4 (line segments (2-19), (19-18) and (18-17)) have minimum values. 
Between these two paths R4 has minimum value of 0.4291 . In the previous two studies of 
6-bus system and 9-bus system. Voltage Phasors Approach identifies a critical path that is 
comprised of only one line segment. Hence this was considered for placement of the 
device. But in this case, there are three segments that constitute the critical path. 
Although all three line segments contribute to instability but the need is to identify the 
most critical segment in these three line segments. 

It is known that Transmission Path Stability Index (TPSI) is the summation of 
corrected voltage drops along a path [62]. It is therefore seems logical that the line 
segment with has the maximum value of corrected drop would be more critical than line 
segments. This hypothesis is now investigated in the subsequent studies. Corrected 
voltage drops for path R4 is shown in Table 4.3. 

Table 4.3 Corrected voltage drops for reactive power transmission path R4 


Line segment 

Corrected voltage drop 

(2-19) 

0.0229 

(19-18) 

0.0623 

(18-17) 

0.0007 
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Fig. 4.11 
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LFIs of various line for the 39-bus system at base 


case loading condition 
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Fig. 4.1 




Table 4.3 indicates that line segment (19-18) is most critical followed by f 
segments (2-19) and (18-17) in that order. As the TPSI of RPTP ^R 4 ’ jg • 
therefore a shunt device requirement emerges at bus 18. This result matches 
LFI and also comes m first zone.as indicated by voltage profile of the system. 

4.3.4 Sixteen Machines, 68 -Bus System 


Udagfdua UX lo-macnmes, b 8 -bus system [98] is shown in Fig 4 14 

The system dam is given in Appendix L. The procedure to. has been ontlmed in Secdon 

4.3.3 ts applied to this 68 -bns system. Fig. 4.15 (a) and (b) show to Line Flow Indices 

for vanous lines in to system a. base case loading condition. In Fig. 4.15 (a) th 

maximum value for path 46 (line segment 60-30) is 0.2403 for LFIRP index, whereas^ 

Fig. 4.15 (b) shows a maximum value of 0.6502 for path 75 (line segmern 41 I 

correspondmg to LFIRQ index. Hence from LFI criterion, to paUr 40-41 and bus 41 ate 
cntical. 

''»‘«8=P“fi'«f‘h468-bussys.emshowni„Fig.4.I6a.basecaseloadi„g This 

S OW. tot voltage of bus 41 is ,uite high (0.999, per to.) hence tore is no need of any 
shto device to be connected. This indicates a Itotoon of LFI technique for this smdy 

After LFI approach. EVPA is applied ,0 the 68 .b„s system a. base case loading 
oondihon. Vanous APTPs and RPTTs are shown in Appendix L. Fig 4 17 (a) and (b 

2- for APTP and RPm. In Fig. 4.17 (a), pato A13 and A^ ol::: oTol 
have “Z “f " "■ ^ 

g- •‘’^•“■“"'unvalueisforpathRSO.Betweentosetwopaths the 

inimum value is obtained as 0.3312 for path A48. Thus Path A48 consists of line 
voltage is not " 7 

followed bypafli (30 60) As ,h u ' 

)■ s to path A48 IS active power transmission path, a series 
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Fig. 4.14 





(a) 



(b) 


Fig. 4.15 LFIs of various lines for the 68-bus 


system at base case loading condition 
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Voltage 







Table 4.4 Corrected voltage drops for active power transmission path A48 


Line segment 

Corrected voltage drop 

(41-40) 

0.0862 

(40-48) 

0.0003 

(48-47) 

0.0045 

(47-65) 

0.016 

(65-30) 

0.0016 

(30-60) 

0.0616 

(60-36) 

^ -0.0186 

(36-37) 

0.0145 

(37-43) 

0.0014 

(43-44) 

0.0001 

(44-39) 

0.0013 


device will be more useful in the line segment (41-40). The Line segment (41-40) has 
also been shown critical by LFI. As the voltages of buses 40 and 41 are quite good, there 
is no need of voltage support at these buses. This is also indicated by EVPA as the 

minimum TPSI is obtained for Active Power Transmission Path and not for Reactive 
Power Transmission Path. 

Based on the studies of 6-bus, 9-bus. 39-bus and 68-bus system, it can be said that 
Voltage Phasors Approach is able to identify not only the critical path and but critical line 
segment as well. It is also able to identify correctly whether the problem of voltage 
instability is due to active power or reactive power loading. 


4.4 CRITICAL PATH IDENTIFICATION AT MAXIMUM LOADING 
CONDITION 


In all the four systems studied at base case loading condition, the problem of 
voltage instability is not significant. Therefore it was decided to load the system to its 
maximum loadability limit and then identify the critical paths. The maximum loading of 
the system is found out using Newton Raphson Load Flow algorithm. The loading is 

increased in the same ratio of their base case loads and generation is increased according 
to the inertia of the generators [13], 
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4.4.1 Six Bus System 


The system loading in increased to 84.8% from base case loading. In a similar 
fashion LFIs are calculated for each line segment and are shown in Fig. 4.18. These show 
that the reactive power index LFISQ is maximum for line 5 (line segment 2-5). Therefore 
bus 5 can be the candidate location for placing a shunt FACTS device. Fig. 4.19 shows 
voltage profile of the system. It is observed that voltage of bus 5 is lowest among all 
buses and needs reactive power support. Hence a shunt compensation device at bus 5 can 
be placed to improve the voltage profile of the system. 



Fig. 4.18 LFIs for various lines of the 6-bus system at maximum loading condition 

At the maximum loading condition, APTP and RPTP are identified and then TPSI 
of each path is computed. It is noted that various APTPs and RPTPs are the same as 
given in Table 4.1 and are being repeated here for convenience. 

TPSI for various paths is shown in Fig. 4.20. Since APTPs and RPTPs are 
identical at maximum loading condition, their TPSI are also same. Fig. 4.20 shows that 
TPSI is minimum for path A1 and R1 (line segments (1-6) and (6-5)). The corrected 
voltage drops of the line segment (1-6) is 0.2841 and for the line segment (6-5) is 0.1758. 
Thus from EVP A the line segment (1-6) is identified as the most critical segment. Thus 
bus 6 emerges as the candidate bus for placing a shunt device. On the other hand LFI 
identifies bus 5 as the most critical bus. It seems that the results obtained by EVPA and 
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LFI approaches are different but close examination of LFI and TPSI reveals that both 

buses 5 and 6 are weak buses. Fig. 4.21 is presented to validate the results obtained from 
LFI and EVPA. 



2 3 4 5 

Bus number 


Fig. 4.19 Voltage profile of 6-bus system at maximum loading condition 


Table 4.5 Active and Reactive transmission paths for the 6-bus 

loading condition 


system at maximum 


Active Power Transmission Paths 
(APTP) 


Path No. 

Line connection I 
From bus to bus 

A1 

(1-6) (6-5) 

A2 

(1-4) (4-3) 

A3 

(1-4) (4-6) (6-5) 

A4 ~ 

(2-5) 

A5 

(2-3) 


Reactive Power Transmission Paths 


(RPTP) 


Path No. 

V - y 

Line connection 
from bus to bus 

R1 

(1-6) (6-5) 

R2 

(1-4) (4-3) 

R3 

^1-4) (4-6) (6-5) 

R4 

(2-5) 

R5 

(2-3) 




STATrn^^^ , . . wim a shunt device (SVC or 

shimt dev Vh' ^ ^ ^ 

Zdtr ^ 0™“ - 

P aced at bus 5. This validates the result of EVPA. 
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Path number 



Path number 


Fig. 4.20 TPSI for APTP and RPTP of the 6-bus systemi at maximum loading condition 



Bus number 

Fig. 4.21 Voltage profile of the 6-bus system with SVC at either bus 6 or bus 5 at 

maximum loadability condition 


101 






4.4.2 Nine Bus System 


The system loading is increased by 143% over the base case loading. At this 
loading condition, Fig. 4.22 shows LFIs for various lines in the system. From Fig 4 22 it 
is evident that LFIRQ for line number 6 (line segment 5-7) is maximum, therefore bus 5 
appears to be an appropriate place for placing a shunt device. Fig. 4.23 shows voltage 
profile of 9-bus system at maximum loadability condition. 



Line number 


Line number 


Fig. «2 LFIs for various line of the 9-bus system at maximum loadability condition 


1.05 

1 - 

7 0 . 95 - 



Bus number 


Fig. 4.23 Voltage profile of the 9-bus 


system at maximum loadability condition 


rom Fig. 4.23, it is clear that the voltage 0 
buses. Therefore bus 5 is the most appropriate plai 


5 is the lowest among all the 
placing a shunt compensator 
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device. Various APTP and RPTP for the 9-bus system at maximum loading condition are 
given in Table 4.6. It is once again seen that APTPs and RPTPs are the same at maximum 
loading condition. Fig. 4.24 shows the corresponding TPSIs for various paths. As 
mentioned earlier transformers are not considered in TPSI computations. 


Table 4.6 Active and Reactive transmission paths for the 9-bus system at maximum 

loading condition 


Active Power Transmission Paths 
(APTP) 


Path No. 

Line connection 
from bus to bus 

A1 

(1-4) (4-5) 

A2 

(1-4) (4-6) 

A3 

(2-7) (7-5) 

A4 

(2-7) (7-8) 

A5 

(3-9) (9-6) 

A6 

(3-9) (9-8) 


Reactive Power Transmission Paths 
(RPTP) 


Path No. 

Line cormection 
from bus to bus 

R1 

(1-4) (4-5) 

R2 

(1-4) (4-6) 

R3 

(2-7) (7-5) 

R4 

(2-7) (7-8) 

R5 

(3-9) (9-6) 

R6 

(3-9) (9-8) 



.11111 

A1 A2 A3 A4 A5 A6 R1 R2 R3 R4 R5 R6 

Path number Path number 

Fig. 4.24 TPSI for the 9-bus system at maximum loading condition 


It is seen that TPSIs for paths A3 and R3 are minimum. Now A3 and R3 have one 
line segment (7-5). Therefore bus 5 is most appropriate place for placing a shunt device. 
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Thus in this case’ EVP A result matches with that of LFI approach. Hence bus 5 is the 
most appropriate location for placing a shunt FACTS device. 

4.4.3 Ten Machines, 39-Bus System 

The system loading is increased by 67% over the base case loading. Again, LFl 
approach and EVPA are applied to the system at maximum loading condition. Fig. 4.25 
shows LFIs for various lines at maximum loading condition of the system. In Fig. 4.25 
(a) and (b), the maximum value is obtained as 0.7038 for LFIRQ path 33 corresponding 
to line segment (18-19). Therefore bus 18 is most critical from LFI point of view. 

Fig. 4.26 shows voltage profile of the 39-bus system at maximum loading 
condition. It is noted that there are two zones which experiences large voltage dips. The 
first zone is from bus 13 to bus 18 and the second zone is from bus 31 to bus 35. 
Intuitively a shunt device must be connected in any one of these two zones to improve the 
voltage profile of the system. Bus 18 belongs to first zone and has the lowest voltage 
amongst all buses. 

For EVPA, various APTPs and RPTPs are identified and are tabulated in 
Appendix K. Fig. 4.27 shows TPSI for various active and reactive paths. It can be seen 
from Fig. 4.27 (a) and 4.27 (b) that TPSI for RPTP ‘R5’ is minimum. R5 comprises two 
line segments (2-19) and (19-18). The corrected voltage drops for the line segment (2-19) 
is 0.1876 and for (19-18) is 0.2188. So the line segment (19-18) is more critical. As the 
TPSI index is minimum for RPTP, therefore a shunt device at bus 18 could be placed to 

improve voltage profile/stability of the system. Result of EVPA exactly matches with that 
of LFI approach. 
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Fig. 4.26 Voltage profile of the 39-bus system at maximum loading condition 



(a) 



(b) 

Fig. 4.27 TPSI for APTPs and RPTPs at maximum loading condition for 39-bus system 
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4.4.4 Sixteen Machines, 68-Bus System 


System loading is increased by 14% beyond base case loading. LFIs for the 68- 
bus system at maximum loading condition are shown in Fig. 4.28. It can be seen that line 
75 (line segment 41-40) has maximum value for LFIRQ. Therefore bus 40 is most critical 
in this case. Fig. 4.29 shows voltage profile of the system at maximum loadability 
condition. It shows that voltage of bus 40 is minimum. Hence from intuitive reasoning a 
shunt compensating device should be placed at bus 40. 

Various APTPs and RPTPs at maximum loading condition are tabulated in 
Appendix L. It is graphically depicted in Fig. 4.30. In Fig. 4.30(a), paths A14 and A18 
consist of only transformers hence their TPSI values are taken as zero. It is seen from Fig. 
4.30 (a) that path A50 has minimum TPSI value (0.0166). In Fig. 4.30 (b) since paths 
R13 and R15 comprise only transformers their TPSIs are considered to be zero. TPSI 
value for path R41 is minimum (-0.0301). Therefore for the 68-bus system at maximum 
loading condition, path R41 (the line segment 41-40) is most critical. As TPSI value is 
minimum for reactive transmission path, a shunt device at bus 40 should be placed to 
improve the voltage profile/stability of the system. Hence EVPA results matches exactly 
with that of LFI approach and also with the voltage profile analysis of the system. 

4.5 PLACEMENT OF FACTS DEVICES WITH CONTINGENCY 
CONSIDERATIONS 


Since contingencies invariably occur in power systems, a proper placement 
strategy must consider realistic contingencies in the system. Although contingency 
analysis should be rigorous, it has been performed selectively in this study for 
representative contingencies to show their effect on placement strategy. In this study 
critical segments have been found using Voltage Phasors Approach for the 68-bus system 
at base case loading condition considering selected line outages. Mainly three types of 
contingencies are considered 
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1.1 



Bus number 

Fig. 4.29 Voltage profile of the 6 8 -bus system at maximum loading condition 



Path number 


(a) 



(b) 

Fig. 4.30 TPSI for APTPs and RPTPs for the 68-bus system at maximum loading 

condition 
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> Line outages near high load buses 

> Line outages of lines having high reactance values (long lines) 
^ Line outages of lines carrying high power 


In this analysis generation rescheduling after line outages is not done Only tho 

cases are considered in which NRLF converge. In all. thirteen line outages have b”" 
considered as given below 


> Lines near high loads; (59-60), (56-59), (58-59). (54-55), (55-56) ( 55-661 

67) and (68-67) 

> High reactance lines: (26-29), (26-28) and (33-38) 

> High power lines: (32-33) and (30-60) 

The EVPA ts applied in all these outage investigations. It was observed that the 

— - o-Ses 

(APTPlhash r , Active Power TransmissionPath 

rr ■” -sment h 

mo be seen from this table that the line segment (4 1 -40) is most 

Study demonstrates that although it is imperative to install a FACT<t He ■ ■ , 

Which is tht^ 1 a bACTS device m line 41 - 40 , 

de“b .! r ^Tetem study, it may be 

facts dir “ •» ~ -gges« 

^ Je cont.ngenc.es must he considered and appropHate remed.al measures must be 


no 


Table 4.7 Line outages and critical segments for the 68-bus system at base case loading 


Line 

outage 

Critical Active Power Transmission Path 


(14-41)(41-40)(40-48)(48-47)(47-65)(65-30)(30-60)(60-36) 

(36-37)(37-43)(43-44)(44-39) 

(32-33) 

(14-41)(41-42)(42-52)(52-49)(49-46)(46-38)(38-33)(33-34) 

(34-36)(36-37)(37-43)(43-44) 


( 1 4-4 1 )(4 1 -42)(42-52)(52-50)(50-5 1 )(5 1 -45)(45-3 9) 

1 (54-55) 

(14-41)(41-40)(40-48)(48-47)(46-65)(65-30)(30-60)(60-59) 

■ 

(14-41 )(41-40)(40-48) (48-47)(47-65)(65-30)(30-60)(60-36) 
(36-37)(37-43)(43-44)(44-39) 

(59-60) 

(14-41)(41-40)(40-48)(48-47)(47-65)(65-30)(30-60)(60-36) 

(36-37)(37-43)(43-44)(44-39) 

(56-59) 

(14-41)(41-40)(40-48)(48-47)(47-65)(65-30)(30-60)(60-59) 

(68-67) 

(14-41)(41-40)(40-48)(48-47)(47-65)(65-30)(30-60)(60-59) 

(66-67) 

(14-41)(41-40)(40-48)(48-47)(47-65)(65-30)(30-60)(60-36) 

(36-37)(37-43)(43-44)(44-39) 

(55-56) 

(14-41)(41-40)(40-48)(48-47)(47-65)(65-30)(30-60)(60-36) 

(36-37)(37-43)(43-44)(44-39) 

(55-66) 

(14-41)(41-40)(40-48)(48-47)(47-65)(65-30)(30-60)(60-36) 

(36-37)(37-43)(43-44)(44-39) 

(26-29) 

(14-41)(41-40)(40-48)(48-47)(47-65)(65-30)(30-60)(60-36) 

(36-37)(37-43)(43-44)(44-39) 

(33-38) 

(14-41)(41-40)(40-48)(48-47)(47-65)(65-30)(30-60)(60-36) 

(36-37)(37-43)(43-44)(44-39) 


4.6 PLACEMENT STRATEGY FOR MULTIPLE DEVICES 


In Sections 4,3 and 4.4 four systems have been considered at base case loading 
and maximum loading conditions for placement of FACTS devices. Table 4.8 
summarizes the results obtained in sections 4.3 and 4.4. It can be observed from Table 
4.8 that for the 6-bus and 39-bus systems shunt device is needed from base case to 
maximum loading condition, whereas the 9-bus and 68-bus systems need different 
devices at different loading conditions. As evident from Table 4.8, there is a need of 
shunt device at maximum loading condition for the 68-bus system. It is therefore decided 
to install an SVC at bus 40 as suggested from EVPA studies for the 68 bus system at 
maximum loading condition. EVPA studies are subsequently conducted to determine the 
need for any additional device after the placement of SVC at the maximum loading 
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condition. Various APTPs and RPTPs are obtained are tabulated in 
graphically illustrated in Fig. 4.31. 


Table 4.8 FACTS devices needed for various systems 


Type of system Base case loading 
Condition 


Maximum loading 
Condition 


9-bu 

s 

39-bi 

is 




IBIipiiiiiiiini 




Path number 


3 S S S R ^ 
< < < < < ^ 


MMl 


Path number 
(b) 

Fig. 4.31 TTSI f„. 68-bus system wifl. SVC a, bus 40 








Paths A14 and A18 in Fig. 4.30 (a) and paths R16, R18 and R40 in Fig. 4.31(b) 
have only transformers, and hence their values are shown as zero. The Active Power 
Transmission Path A52 has minimum TPSI value. Table 4.9 shows the corrected voltage 
drops in different line segments of path A52 from where it is seen that the line segment 
(41-40) is most critical. Hence there is a need for a series device. 

Table 4.9 Corrected voltage drop in different line segments of path A52 


Line segment 

Corrected voltage drop 

(41-40) 

0.3246 

(40-48) 

0.01 

(48-47) 

-.001 

(47-65) 

.0005 

(65-30) 

.0028 

(30-60) 

.0647 

(60-59) 

.0352 


This analysis shows that for the 68-bus system, apart from a shunt device 
connected at bus 40, a series device must also be connected in the line segment (41-40). It 
may be recalled that a series device was already indicated from EVPA studies at base 
case loading condition. 

Hence it is recommended that for satisfactory operation both the devices must be 
connected in the system. Further investigation can be done on the same lines with both 
devices in the system to examine if the system is stable and whether the system voltage 
profile is acceptable. Any additional device must be adequately justified from both 
technical and economic considerations. 

4.7 CONCLUSIONS 


In this chapter a modification in the Voltage Phasors Approach is presented for 
easy identification of critical line segment from voltage stability consideration in the 
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power systems. These EVPA results are validated by LFI approach as well as volta 

profile graphs of the system at base case loading and maximum loading condition^ 

EVPA is applied to four systems. In all these systems it has been found that EVPA 

approach is able to identify the critical path and the most critical segment correctly It 

also identifies the cause of the problem as either due to active power or reactive pd^ 

loading of the system. Corrective measures can then be taken for the mn.t 

* uic most critical 

segment. There is no need to compute four indices for each line as is done in LFI 
approach. Therefore EVPA is computationally more efficient. 


EVPA IS applied to the 68-bus system at base case loading condition considering 
vanous contingencies in the system. It is found that in most cases the critical link 
obtained in healthy system study continues to remain critical, but in few oases some other 

Ime become more critical. A proper placement strategy must therefore consider the 

following: 


^ Different loading conditions 
^ Different probable contingencies 
y Need for multiple devices 
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Chapter 5 




SMALL SIGNAL ANALYSIS OF THE 
PLACEMENT STRATEGY 


In the previous chapter, the placement strategy has been proposed by detailed 
analysis of various systems (6, 9, 39 and 68 bus systems) using Extended Voltage 
Phasors Approach (EVP A). The results of EVPA are compared with that of Line Flow 
Index (LFI) approach and voltage profiles of the systems. A proper placement strategy 
must ensure that once the device is placed in the system, its interaction with the system 
should improve overall system damping, voltage profile, etc. In this chapter it is 
investigated whether indeed the system performance improves when the devices are 
placed at these locations. The system performance is evaluated using the following three 
techniques: 


• Eigenvalue analysis 

• Voltage profile evaluation 

• Step response 

The validation of placement strategy has been performed on the 9-bus and 68-bus 
systems only. 

As already observed in Chapter 4, both the 9-bus and 68-bus systems require 
different types of devices at different loading conditions. Table 5.1 repeats the results 
obtained from Chapter 4 for the 9-bus and the 68-bus systems for ready reference. 

Table 5.1 FACTS devices needed for various systems 


Type of system 

Base case loading 
condition 

Maximum loading 
condition 

9-bus 

Series 

Shunt 

68-bus 

Series 
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5.1 NINE BUS SYSTEM 


5.1.1 Base Case Loading Condition 

At base case loading condition, the 9-bus system requires a series device. Table 
5.2 shows eigenvalues both without and with TCSC connected between buses 7 and 5. 
Figure 5.1 repeats Fig. 3.9 of a TCSC characteristic that has a TCSC ratio of 10. The 
firing angle can be computed from Fig. 5.1 for a given compensation level. The 
compensation provided by TCSC is 50% for which the corresponding firing angle is 
160°. Proportional gain (Kp)md integral gain (Kj) for TCSC controller are selected as 

0.1 and 10 respectively. From Table 5.2 it is evident that damping of the interarea mode, 
the eigenvalues of which are given in bold letters, is improved after the connection of the 
TCSC in the system. Fig. 5.2 shows the voltage profile and Fig. 5.3 depicts real and 
reactive power flow over lines without and with the TCSC at the base case loading 
condition for the 9-bus system. 
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1.05 


without TCSC 



Fig. 5.2 Voltage profile of the 9-bus system at base case loading with and without TCSC 


Table 5.2 Eigenvalues with and without TCSC for the 9-bus system 
at base case loading condition 


Without FACTS 
device 

‘ With TCSC 


-45.4983 

-0.7198 ±12.7456i 

-0.7136 ±12.7660i 

-0.1906 + 8.36601 

-1.4702 + 7.91591 

-5.6867 ± 7.9663i 

-5.7151 + 8.0302i 

-5.3644 + 7.93 Hi 

-5.3759 + 7.9573i 

-5.2287 ± 7.8263i 

-5.2389 ± 7.8670i 

-5.1779 

-6.4486 

-3.3993 

-5.5485 


-4.8023 

-0.4513 ± 1.1997i 

-0.4490 ±0.8849i 

-0.4481 ± 0.729 li 

-0.4238 + 0.5051i 

-0.4366 ± 0.4868i 

-0.4407 ± 0.309 li 

0.0000 ± O.OOOOi 

0.0000 + O.OOOOi 

-3.2258 

-3.2258 


It is obvious from Figs. 5.2 and 5.3 that there is marginal improvement in the 
voltage profile of the system but a reasonable increase in the active and reactive power 
over line (7-5) after connecting TCSC in the system. This is further accompanied by a 
substantial enhancement in modal damping of the system. 
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Fig. 5.3 Real and reactive power flow over lines with and without TCSC at base case 

loading condition 


5.1.2 Maximum Loading Condition 


At maximum loading condition, there is a need for a shxmt device at bus 5. Table 
5.3 shows eigenvalues of the 9-bus system at maximum loading condition for three 
different cases - without any FACTS device, with an SVC connected at bus 5 and with a 
TCSC connected between line (7-5). Whereas TCSC controller parameters are same as 
those used for base case loading condition, the SVC controller parameters are chosen as 
Kp =0.3 and AT/ =100. 

Table 5.3 shows that without any FACTS device the system is unstable, where 
unstable eigenvalues are highlighted. However the system becomes stable when either 
SVC or TCSC are connected. Fig. 5.4 depicts voltage profile of the 9-bus system at 
maximum loading condition with and without any FACTS device. It is evident ftom Fig. 
5.4 that voltage profile of the system with SVC connected at bus 5 is the best. Therefore 

at maximum loading condition, SVC should be connected at bus 5. This validates the 
EVPA result obtained in previous chapter. 

In practice, the real power over a line or current signal is usually taken to examine 
the system perfoimance. In the present context it is not possible to express power/cuirent 
over a line in a straightforward manner because network is modeled by algebraic 
equations only. Therefore step response of output signal (small change in voltage 

proportional to field voltage) of the machine connected to bus 2 is taken for input signal 
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AF^ey (small change in terminal voltage reference setting). Figure 5.5 shows step 

response of the 9-bus system without any FACTS device connected in the system, with 
SVC connected at bus 5 and with TCSC connected between line (7-5). The step response 
shows that both SVC and TCSC, when connected, stabilize the system. 


Table 5.3 Eigenvalues of the 9-bus system at maximum loading condition 


Without any FACTS device 
Device 

With SVC 

With TCSC 



-46.1753 

-90.9053 

-92.8398 

-41.2866 

-45.3014 


gafiMsuggii 

-2.8938 ±12.3353i 

-0.5840 ±12.621 li 

-10.2041 ±6.9092i 

-10.8806 ±5.8904i 


-5.4101 ±7.9066i 

-1.2151 ±8.8486i 

-9.8966 ± 7.0805i 

-1.0760 ±6.7042i 

-6.3982 ± 7.4235i 

-7.3482 ± 7.9374i 

-7.5342 

-7.1865 

-5.2924 ± 7.8977i 

-5.4913 ± 0.1 888i 


-5.3210 

-4.8011 

-2.1747 

-3.9843 


-1.6763 

BKinSflRRm 

-1.9310 1 

-0.7284 ± 0.3533i 

mMmmm 


0.0229 + 0.2268i 




rntmumum 

1 

! 

1 -3.2258 

-3.2258 

-3.2258 1 



1 23456789 


Bus number 


Fig. 5.4 Voltage profile of the 9-bus system without and 'with FACTS devices at 

maximum loading condition 
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It is clear that TCSC is needed for base case loading condition and SVC is needed 
at maximum loading condition. Therefore a combination of both SVC and TCSC has 
been considered at maximum loading condition. The step response shows that a 
combination of both SVC and TCSC stabilizes the system much more effectively as 
compared to a single device. At base case loading condition SVC will remain floating 
and only TCSC will be active. Table 5.4 shows eigenvalues with SVC and with SVC- 
TCSC combination in the system. From Table 5.4 and Fig. 5.5, it can be observed that 
with SVC-TCSC the system overall damping and voltage profile improves further. The 
controller parameters for SVC and TCSC when used in combination are kept same when 
the devices are connected individually in the system. Figure 5.6 shows voltage profile of 
the system with SVC and with SVC-TCSC connected in the system. It is evident from 
Fig. 5.6 that there is a marginal improvement in voltage profile of the system when both 
SVC-TCSC are connected in the system. At base case loading condition, the system is 
stable. Therefore only SVC can serve the purpose of voltage profile improvement and 
stability enhancement. However if there is a need for power transfer improvement over 
the lines and further enhancement of system damping, a TCSC may be connected. With 
both TCSC and SVC in the system, the stability of the system improves so does the 
voltage profile. However the following considerations may restrict the installation of only 
one FACTS device (SVC) as opposed to the installation of a combination of SVC-TCSC; 

• Restrictive overriding cost considerations 

• EVPA suggests installation of a shunt device at maximum loading, which is 
more important in system operation as compared to base case loading. 

In this situation the performance of SVC is evaluated for the following three 
conditions: 

> Floating at base case condition 

> Maximum loading condition (system loading condition without FACTS 
devices beyond which load flow does not converge) 

> Extreme loading condition (system loading condition with FACTS devices 
beyond which load flow does not converge) 
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Fig. 5.5 Step response of the 9-bus system at maximum loading condition 
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Fig. 5.6 Voltag( 






Table 5.5 Eigenvalues of the 9-bus system at base case loading 


Without FACTS 
device 

With SVC floating 


-75.1082 

-0.7198 +12.7456i 

-12.1101 ±25.5649i 

-0.1906 ±8.3660i 

-0.7100 ±12.7523i 

-5.6867 + 7.9663i 

-0.1882 ±8.3982i 

-5.3644 ± 7.931 li 

-5.6853 ± 7.9827i 

-5.2287 ± 7.8263i 

-5.3645 ± 7.9396i 

-5.1779 

-5.2350 ±7.8768i 

-3.3993 

-5.2195 


-3.9818 

-0.4513 ±1.1997i- 

-0.4641 ±0.9617i 

-0.4481 ±0.7291i 

-0.4500 ± 0.7205i 

-0.4366 ± 0.4868i 

-0.4342 ±0.4847i 

0.0000 ± O.OOOOi 

-0.0000 + O.OOOi 

-3.2258 

-3.2258 


Table 5.5 show eigenvalues at base case loading without any FACTS device and 
with floating SVC. The system remains stable with SVC in floating condition. As the 
system is inherently stable at base case loading condition, only SVC at bus 5 can serve 
the purpose of improving voltage profile as well as small signal stability of the system. 
Once the SVC is installed in the system, next step is to see how much more system can 
be loaded before being unstable. For this case, with SVC connected at bus 5, system 
loading and generation are again increased up to non-convergence of the load flow. It 
was found that with SVC in the system, the loading could be increased up to 250% 
beyond base case loading. It may be recalled that the net increase in system loading was 
143% beyond base case loading without SVC. Table 5.6 shows eigenvalues with SVC 
connected at bus 5 for this extreme loading condition. At this condition although the 
system is stable, the system damping is poor as evident from Table 5.6. It is observed that 
although SVC is able to improve the voltage profile of the system, the improvement in 
system damping at maximum loading is not as much as that with TCSC. This 
performance of SVC is expected because SVC \vith voltage control alone is not expected 
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to contribute to system damping [2]. On the other hand, a TCSC directly enhance syst 
damping. 


Table 5.6 Eigenvalues of the 9-bus system for extreme loading condition 

with SVC at bus 5 


Maximum loading 
condition 

Extreme loading 
condition 

-92.8398 

-124.86 

-0.5511 +50.3889i 

-67.58 

-0.5840 ±12.621 li 

-48.63 

-0.1256 ±8.0372i 

-16.34 ± 10.96i 

-9.8966 ± 7.0805i 

-0.35± 11.45i 

-7.3482 ± 7.9374i 

-0.03 ± 8.09i 

-5.2924 ± 7.8977i 

-6.03 ±8.1 Oi 

-5.3210 

-7.18 

-3.9843 

^ -5.87 

-0.5010± 1.1119i 

-5.43 

-0.6142 ±0.6468i 

-5.65 

-0.7376 ±0.2042i 

-2.41 

-0.0000 ± O.OOOOi 

-2.01 

-3.2258 

-0.25 ± 0.59i 


-0.81 


-0.35 


-0.0000 ± O.OOOOi 



-3.23 


5.2 SIXTEEN MACHINES 68-BUS SYSTEM 
5.2.1 Base Case Loading 


ase case loading of the 68-bus system, EVPA showed that from the 

of line (4MD) is .ost critical. The n,os. critical pati. was . 

Active Power Transmission Paft and therefore there was a need for a series deviee. Table 
• S ows the set of eigenvalues having damping less than 0.1 at base case loading 
Wtt out and wtth TCSC connected in the system. All eigenvalues that have damping 
more than 0.1 are listed in Appendix N. From Table 5.7. it is evident that there is a 
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marginal effect on the stability of the system with TCSC operating at 50% compensation 
level. This may be due to arbitrary choice of TCSC controller parameters of Kp =0.1 

and Kj =10. At base case loading condition, the system is inherently stable. Fig. 5.7 

shows voltage profile of the system with and without TCSC. It is further seen that there is 
not much effect of TCSC on voltage profile of the system. 


Table 5.7 Eigenvalues for the 68-bus system at base case loading without and with 

TCSC 


Eigenvalues without 
TCSC 

Damping 

Eigenvalues with TCSC 

Damping 



-42.3686 ±41. 0541i 

0.7182 

-0.5851 ±12.0779i 

0.0484 - 

-0.5867112.06731 

0.0486 

-0.6511 ±10.1218i 

0.0642 

-0.6505 ±10.12171 

0.0641 

-0.6223 ± 9.9461i 

0.0624 

-0.6200 1 9.9480i 

0.0622 

-0.8185 ±9.8868i 

0.0825 

-0.8179 1 9.8868i 


-0.3904 ± 8.5142i 

0.0458 

-0.3931 18.51311 


-0.5008 + 8.3996i 

0.0595 

-0.5004 1 8.3983i 


-0.3803 ± 8.0569i 

0.0471 

-0.3841 18.01531 


-0.4687 ± 1 .16161 

0.0602 

-0.4684 1 7.7682i 

0.0602 

-0.5217 ±7.4364i 

0.0700 

-0.5181 17.42481 

0.0696 

-0.3820 ± 7.0022i 

0.0545 

-0.3825 1 6.9968i 


-0.3886 ± 6.5793i 

0.0590 

-0.3881 16.57931 


-0.4544 ±4.9673i 

0.0911 

-0.459214.92171 

0.0929 

-0.2848 ±4.1451i 

0.0685 

-0.288014.14421 

0.0693 

-0.19311 3. 3344i 

0.0578 

-0.176913.23351 

0.0546 


5.2.2 Maximum Loading Condition 


The maximum loading beyond which the load flow does not converge is obtained 
when the load is increased by 14% fiom the base case loading. At this loading condition, 
EVPA indicates the need of a shunt device at bus 40. A TCSC has been suggested by 
EVP A at base case loading condition. Table 5.8 shows the eigenvalues with damping less 
than 0.1 without FACTS device, with SVC connected at bus 40 and with TCSC 
connected between buses 41-40 at maximum loading condition. It is seen that with SVC 
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the unstable mode having frequency (0.941 1 rad/s) stabilizes and acquires a damping of 
0.0284. However with TCSC the damping of the same mode increases significantly SVC 
controller parameters are Kp = 0.0 and Kj = 100.0 and TCSC controller parameters are 

Kp^OA and =10 (same as used at base case loading). From Table 5.8 it can be 
seen that both SVC and TCSC individually are able to stabilize the system. 



Fig. 5.7 Votageprofile of 68-bus system at base case loading condition with and 

without TCSC 






.vyxitigv piUlllC 


, ai maximum loadmi 

cond. .on wtth and without FACTS devices. It is seen that a. some buses voltage is bette 

. SVC m the system and at some odter buses voltage is better with TCSC. It appear 
a. for a good votoge profile SVC-TCSC combination shouid be used. More concref 
conclustons can be drawn after looking at the step response of ttte system a, maxima. 

sv^r r'®”' “> “ 

system, response of individual Tr^r ic • t. 

svr Tror- ■ SVC. A combination of 

SVC-TCSC gives even better performance than TCSC or SVC alone. 


126 




voltage (pU; 


Table 5.8 Eigenvalues of the 68-bus system at maximum loading condition 


Without FACTS device 

With SVC 

With TCSC 

-0.6143 ±11.8161i 

-0.5979 ±11. 9204i 

-0.5974111.91931 

-0.6466 ±10.1371i 

-0.6405 ±10.1370i 

-0.6412110.13711 

-0.6762 + 9.8847i 

-0.6334 ± 9.9470i 

-0.6390 1 9.9402i 

-0.8014 ±9.9045i 

-0.7952 ± 9.9048i 

-0.7959 1 9.9048i 

-0.3827 ± 8.4470i 

-0.3840 ± 8.4820i 

-6.3891 1 8.4760i 

-0.5052 ± 8.4224i 

-0.4980 ±8.4154i 

-0.498618.41561 

-0.3906 + 7.9805i 

-0.37971 8.01 86i 

-0.383017.99111 

-0.5053 ±7.4819i 

-0.5060 ± 7.4649i 

-0.4442 1 7.7457i 

-0.4468 + 7.7387i 

-0.4439 ± 7.7465i 

-0.5020 1 7.4506i 

-0.3765 ± 6.9377i 

-0.3741 ± 6.9500i 

-0.3749 1 6.9439i 

-0.3850 ±6.5133i 

-0.3842 ± 6.5259i 

-0.3846 1 6.5229i 

-0.4368 ± 4.8480i 

-0.436914.89541 

-0.4481 ±4.8994i 

-0.2762 ±4.0448i 

-0.277214.09461 

-0.279814.08801 

-0.1545 ±2.8595i 

-0.165613.01921 

-0.163712.96521 

0.0855 ± 0.9411i 

-0.0416 1 1.4673i 

-0.1985 1 1.4865i 



Fig. 5.8 Voltage profile of the 68-bus system at maximum loading condition 
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Fig. 5.9 Step response of the 68-bus system at maximum loading condition 
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voltage (p.u.) 



Fig. 5.10 Voltage profile of the 68-bus system at maximum loading condition 


Table 5.9 Eigenvalues with TCSC alone and with SVC-TCSC at maximum loading 


condition 


With TCSC 

With SVC-TCSC 

-0.5974 +11.9193i 

-0.5953 111.93201 

-0.6412 ±10.1371i 

-0.6403 110.13711 

-0.6390 ± 9.9402i 

-0.6333 1 9.9472i 

-0.7959 + 9.9048i 

-0.7950 1 9.9049i 

-0.3891 + 8.4760i 

-0.3894 1 8.4803i 

-0.49861 8.4 156i 

-0.4976 1 8.4143i 

-0.383017.99111 

-0.381817.99301 

-0.4442 1 7.7457i 

-0.4438 1 7.7468i 

-0.5020 1 7.4506i 

-0.501717.44761 

-0.3749 1 6.9439i 

-0.3747 1 6.9452i 

-0.3846 1 6.5229i 

-0.3848 1 6.5244i 

-0.4481 14.89941 

-0.448314.90141 

-0.279814.08801 

-0.280414.09391 

-0.163712.96521 

-0.163412.97331 

-0.19851 1.48651 

-0.2038 1 1. 50021 
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Voltage profile of the 68-bus system is shown in Fig. 5.10 also shows that SVC- 
TCSC gives much better voltage profile than when only TCSC is connected in the 
system. Eigenvalues Avith TCSC alone and with SVC-TCSC in the system at maximum 
loading condition are tabulated in Table 5.9. 

As the voltage of bus 40 is quite high at base case loading, the SVC may remain 
floating. In that situation Table 5.10 shows eigenvalues without any FACTS device and 
with SVC-TCSC combination (but SVC floating) at base case loading condition. 


Table 5.10 Eigenvalues of the 68-bus system at base case loading with floating SVC 


Without FACTS device 

With SVC-TCSC 

-0.5851 ±12.0779i 

-0.5868 ±12.0673i 

-0.6511 ±10.1218i 

-0.6505 ±10. 12r7i 

-0.6223 ±9.9461i 

-0.6199 ± 9.9479i 

-0.8185 ±9.8868i 

-0.8179 ±9.8868i 

-0.3904 ± 8.5 142i 

-0.3933 ±8.5132i 

-0.5008 ± 8.3996i 

-0.5004 ± 8.3983i 

-0.3803 ± 8.0569i 

-0.3839 ± 8.01 54i 

-0.4687 ± 7.7676i 

-0.4684 ± 7.7682i 

-0.5217 ± 7.4364i 

-0.5181 ±7.4248i 

-0.3820 ± 7.0022i 

-0.3825 ± 6.9968i 

-0.3886 ± 6.5793i 

-0.3883 ± 6.5791 i 

-0.4544 ±4.9673i 

-0.4592 ± 4.92 16i 

-0.2848 ±4.1 45 li 

-0.2885 ± 4. 1430i 

-0.1931 ±3.3344i 

-0.1770 ±3. 23 34i 


Again with SVC-TCSC connected in the system, loads and generations are 
increased up to non-convergence of load flow. This constitutes the extreme loading 
condition for the system considered. The maximum loading is obtained with 14% 
increase from base case in the absence of any FACTS device. However the extreme 
loading condition is realized with 21% increase from the base case loading. At this 
extreme loading condition, eigenvalues of 68-bus system are shown in Table 5.11. The 
eigenvalues show that with SVC-TCSC the system is stable at extreme loading condition 
but its damping is lower than when SVC-TCSC are at maximum loading condition. Same 
results are also depicted in Fig. 5.1 1. 
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Table 5.11 Eigenvalues of the 68-bus system 


With SVC-TCSC 

At maximum loading 

With SVC-TCSC 

At extreme loading 

-0.5953 ±11.9320i 

-0.6015 ±11. 8407i 

-0.6403 ±10.1371i 

-0.6370 ±10.14411 

-0.6333 + 9.9472i 

-0.6463 ± 9.93 16i 

-0.7950 + 9.9049i 

-0.7857 ±9.9127i 

-0.3894 ± 8.4803i 

-0.3874 ± 8.4496i 

-0.4976 + 8.4143i 

-0.4970 ± 8.4227i 

-0.3818 ±7.9930i 

-0.3849 ±7.9710i 

-0.4438 ±7.7468i 

-0.4909 ± 7.4556i 

-0.5017 ± 7.4476i 

-0.4332 ± 7.73 16i 

-0.3747 ± 6.9452i 

-0.3719 ± 6.9103i 

-0.3848 ± 6.5244i 

-0.3835 ± 6.4922i 

-0.4483 ± 4.9014i ' 

-0.4429 ±4.8821i 

-0.2804 ± 4.0939i 

-0.2766 ±4. 05871 

-0.1634 ±2.9733i 

-0.1717 ±2.7896i 

-0.2038 ± 1.5002i 

-0.0985 ± 1.2248i 



Fig. 5.11 Step response of the 68-bus system with SVC-TCSC 
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5.3 EIGENVALUE ANALYSIS USING STATCOM AND SSSC 


In the previous section, EVPA results were analyzed using SVC, TCSC and SVC 
TCSC combination. In this section, EVPA results are analyzed using models of 
STATCOM and SSSC developed in Chapter 3. The STATCOM and SSSC models are 
dynamic models, which includes the dynamics of device components such as inductors 
and thyristors bridges etc. [36, 37]. Further both models are equipped with integral 
feedback controllers. On the other hand the models of SVC and TCSC do not include the 
representation of device components. Moreover the controllers in both SVC and TCSC 
are simple PI controllers. Hence no meaningful comparison can be done between the 
performance of SVC and STATCOM or TCSC and SSSC. 

5.3.1 Nine-Bus System 


At maximum loading condition, it was observed that the 9-bus system needs a 
shunt compensator. The eigenvalues of the 9-bus system without any FACTS device, 
with STATCOM and with STATCOM-TCSC combined are shown in Table 5.12. It is 
seen from this table that the system is unstable without any FACTS device but is stable 
when a FACTS device is included in the system. The STATCOM data is taken from [36J 
md are given in Appendix N. The STATCOM controller parameters 
^2 ^3 Kt] are chosen as [-0.0684 0.1020 3.4603 -33.828], Hiese 

parameters are chosen using pole placement technique such that the STATCOM system 
has a desired response. Subsequently, the overall system stability associated with these 
pammeters is studied. Step responses (output signal AE of the 2"" machine with input 

of the 2"‘' machine) of the 9-bus system without FACTS device, with STATCOM 


and with STATCOM-TCSC are shown in Fig. 5.12. The TCSC controller parameters are 
Identical to those used in previous section i.e. = 0. 1 and = 1 0 . As evident from 

F.g^5.12, the combination of STATCOM-TCSC gives best response at maximum loading 
condition for the 9-bus system. 
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Table 5.12 Eigenvalues of the 9-bus system at maximum loading condition 


Without FACTS device 

With STATCOM 

With STATCOM-TCSC 


-464.561 41 9.69i 

-45.774 

-90.9053 

-0.66485 1 12.672i 

-0.8161 1 12.783i 

-45.3014 

-0.1647 ±8.09i 

-8.993817.60151 

-2.8938 ±12.3353i 

-9.904517.07911 

-7.169417.98881 

-10.8806 ± 5.8904i 

-5.3161 17.89041 

-5.3007 1 7.894i 

-1.2151 ±8.8486i 

-7.357917.93721 

-1.579917.42431 

-6.3982 ± 7.4235i 

-5.349 

-6.6066 

-7.1865 

-4.2192 

-5.0667 

-5.1023 

-0.463810.923511 

-4.7661 

-2.1747 

-0.65201 10.617941 

-0.46495 1 0.98762i 

-1.6763 

-0.7447510.168471 

-0.65953 1 0.48493i 

-0.7284 ± 0.3533i 

-11.43318.11411 

-1.0335 

0.0229 ± 0.2268i 

-0.0000 1 O.OOOOi 

-0.0000 

-0.0000 + O.OOOOi 

-3.2258 

-0.13909 



-0.40131 



-467.27 1423.981 



-10.83818.35521 



-3.2258 

-3.2258 




As discussed for the 9-bus system, a shunt device is more useful from voltage 
stability viewpoint. The performance of STATCOM is analyzed at extreme loading 
condition. From Table 5.13 it is noted that STATCOM is able to stabilize the system at 
the extreme loading condition. The STATCOM controller parameters are same as that 
used for maximum loading condition. 


5.3.2 Sixty Eight Bus System 


As discussed in Section 5.3.2, this system requires a combination of shunt and series 
device at maximum loading condition. Eigenvalues of 68-bus system without any FACTS 
device, with the STATCOM alone and with STATCOM-TCSC combine are tabulated in 
Table 5.14. The STATCOM is connected at bus 40 and TCSC is connected between 
buses 41-40. For the STATCOM connected alone at bus 40, the controller parameters 
[a:i K 2 K 2 ^4] are chosen as [-0.0566 -0.1529 6.4620 35.5118]. The 
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STATCOM controller parameters are chosen using pole placement technique so that th 
overall system stabilizes. For the STATCOM-TCSC combination at maximum loading 
the STATCOM controller parameters are selected as [-0.1959 0.0280 -i 1779 

-104.9722 ] and Kp =0.1 and Kj =10 for TCSC controller It is seen that the overall 
damping of system is best at maximum loading condition when STATCOM-TCSC 
combination are connected in the system. Even at extreme loading condition, the system 
remains stable with STATCOM-TCSC both connected in the system as shown in Table 
5.14. However STATCOM controller parameters are modified to [-0.0812 -0 1846 
3.5072 6.8239] in order the get a stable response. The TCSC parameters at extreme 
loading condition are same as used at maximum loading condition. 
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Table 5.13 Eigenvalues of the 9-bus system 


With STATCOM at 

With STATCOM at 

Maximum loading condition 

extreme loading condition 

-464.56 ±419.69i 


-0.66485 ± 12.672i 

-124.86 

-0.1647 ±8.09i 

-199.76 

-9.9045 ± 7.0791i 

-48.605 

-5.3161 ±7.8904i - 

-0.76539 ± 12.005i 

-7.3579 ± 7.9372i 

-0.97051 ±9.2683i 

-5.349 

-6.1687 ±8.1431i 

-4.2192 

-20.045 

-0.4638 ± 0.9235 li 

-7.2378 

-0.65201 + 0.61794i 

-5.974 

-0.74475 + 0.16847i 

-5.4753 

-11.433 ±8.1141i 

-5.8454 

-0.0000 ± O.OOOOi 

-2.4099 

-3.2258 

-2.0318 


-1.0879 


-0.12318 ±0.59755i 


-0.35674 


. -0.0000 ± O.OOOOi 


-9.986 


-3.2258 
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Figure 5.13 shows step response of the 68-bus system at maximum and extreme 
loading condition. It is seen that the step response with the STATCOM-TCSC combine at 
maximum loading gives best performance. 

The STATCOM parameters in maximum loading condition do not give stable 
operation at extreme loading condition. Interestingly the STATCOM parameters resulting 
in stable system at extreme loading condition also do not provide stable operation at 
maximum loading condition. This shows a strong dependence of the STATCOM 
parameters on system loading. Hence a careful determination of the STATCOM 
parameters is necessary, which may ensure stable operation at all loading conditions. 
However this has not been attempted here. 

5.3.3 Eigenvalue Analysis with SSSC forthe 68-bus System 

The SSSC model is connected between buses 41 and 40 at maximum loading 
condition in the 68-bus system. The SSSC data is taken from [36] and is given in 
Appendix N. The compensation provided by the SSSC is 50%. The eigenvalues of 68-bus 
system at maximum loading condition with and without SSSC are tabulated in Table 
5.15. It can be seen from Table 5.15 that the SSSC is able to stabilize the system. The 
SSSC controller parameters are chosen as [-0.045529 -0.041277 3.7331 -0.19319]. 

Further step response shown in Fig. 5.14 also depicts that SSSC stabilizes the 
system. No detailed analysis is done with SSSC model. The main purpose to present this 
study was to demonstrate the effectiveness of SSSC in stabilizing the overall system. 
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Fig. 5.13 Step response of the 68-bus system at maximum and extreme loading 

conditions 
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Table 5.15 Eigenvalues of the 68-bus system with SSSC at maximum loading conditions 


Without FACTS device 

With SSSC 


-0.58413 ± 12.007i 

-0.6143 ±11.8161i 

-0.642681 10.1 37i 

-0.6466 +10.1371i 

-0.646791 9.926 li 

-0.6762 ± 9.8847i 

-0.79742 1 9.9048i 

-0.8014 ± 9.9045i 

-0.3559518.48811 

-0.3827 + 8.44701 

-0.4997718.41981 

-0.5052 ± 8.4224i 

-0.359291 8.221 i 

-0.3906 ± 7.9805i 

-0.44489 1 7.7436i 

-0.5053 ± 7.48 19i 

-0.5119817.50231 

-0.4468 ± 7.7387i 

-0.36832 1 6.9795i 

-0.3765 ± 6.9377i 

-0.3780216.57011 

-0.3850 + 6.51331 

-0.36994 1 6.4773i 

-0.4368 ±4.8480i 

-0.34321 14.353i 

-0.2762 ±4.0448i 

-0.2805914.08111 

-0.1545 ±2.8595i 

-0.1029712.48541 

0.0855 ± 0.941 li 

-0.15498 1 1.5604i 



Fig. 5.14 Step response of 68-bus system with and without SSSC at maximum loading 

condition 
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5.4 CONCLUSIONS 


In this chapter, placement strategy using Extended Voltage Phasors Approach has 
been analyzed using various FACTS device models developed in Chapter 2. The EVPA 
results are analyzed using voltage profile analysis, small signal stability analysis and step 
response of the system. It is observed that the EVPA gives a clear identification of the 
place where a device should be placed. It may be noted here that these places may not be 
the optimal places from the viewpoint of system damping. However the EVPA gives 
optimal places from voltage stability viewpoint. The controller parameters are carefully 
chosen in such a way that system stability is improved, however there is a need of to 
know the complete range in which controller parameters can be chosen. This is illustrated 
in the next chapter. 
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Chapter 6 


COORDINATED CONTROL OF FACTS DEVICES 


Modem power systems are heading towards a deregulated environment. This will 
result in simultaneous installation of different FACTS devices in the system. A need 
therefore arises to examine possible control interaction amongst these devices. In this 
chapter studies are performed to gain an insight into the interaction between controllers 
of two FACTS devices which are electrically close to each other. 

It is understood that the FACTS devices will normally be equipped with higher 
order controllers such as power swing damping controller, SSR damping controller etc. 
Still to develop an insight, the FACTS devices are assumed to be equipped with simple PI 
controller only. 

The interaction is studied through the established technique of root loci analysis 
and the performance of the FACTS controllers derived is evaluated through step response 
studies. First the “best” PI controller of each device is obtained individually which 
provides a high degree of damping for all the sensitive modes (interarea modes and 
controller mode) simultaneously. Then the combined performance of the above two 
“best” controllers is investigated at different loading conditions to look for any 
interaction between the two controllers. 

In this study the amount of series compensation is assumed to be completely 

% 

controllable through a TCSC. In one of the investigations, the SVC-TCSC interaction is 
examined for a given set of system loads when the percent series compensation provided 
by the TCSC is varied. 

The above studies are conducted on the 9-bus WSCC system [97]. Since FACTS 
devices are installed in power systems mainly for increasing the power transfer limit and 
improving the voltage profile of the system, the efficacy of FACTS controllers need to be 
studied at operating points close to stability limit. In this chapter the variation in “best” 

NOTE: In this Chapter, wherever the term “interarea mode” appears, kindly read it as 

“critical mode”. 
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controller parameters is examined when operating conditions are varied from b^<?p 

c^sc to 

maximum loading condition. 


6.1 ROOT LOCI METHOD FOR DESIGN OF INDIVIDUAL FACTS 

CONTROLLERS 

Each FACTS device is assumed to be equipped with a basic PI controller The 
SVC has a PI voltage regulator with no auxiliary control whereas the TCSC has basic PI 
power controller with no other damping control. 

Rigorous techniques exist for a global optimization of controller parameters such 
as genetic algorithm, performance indices based optimization and transient response 
based optimization. However, as the thrust of this chapter is not the design of FACTS 
controllers but examination of their interaction, a simple, though widely used, heuristic 
technique that combines root loci and step response analysis is employed to determine the 
best controller parameters in a ‘local sense’. 

The procedure adopted for obtaining the controller parameters of the PI controller 
of this FACTS device is a two fold process as described below [2]. 

Step I: The proportional gain Kp is kept at zero and integral gain Kj is varied. 

The value of Kj is chosen to provide a high degree of damping for all the 

sensitive modes simultaneously. These sensitive modes are the ‘interarea 
modes- a & b’ and ‘device controller modes’. 

Step II: For the value of Kj chosen in step I, Kp is varied to determine the 
highest overall damping of the sensitive modes simultaneously. 

The above combination of Kp and Kj, which imparts a high degree of damping to the 
sensitive modes simultaneously, is defined to be the “desirable” set of controller 
parameters. Further refinement of controller parameters is achieved through step response 
of the system and the parameters thus obtained are termed as the “best” set of controller 
parameters. This strategy is adopted for obtaining the “besf ’ controller parameters of 
TCSC and SVC, individually, in the 9-bus system. 
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To study the variation of controller parameters of each FACTS device over a wide 
range of operating condition, following loading conditions are considered for the 9-bus 
system. 


> Base case loading condition 

> Mid-loading condition (where the loading is increased by 100% over the base 
case loading and generation is also increased in proportion to machine inertia). 

> Maximum loading condition (beyond which load flow does not converge) 

As suggested by EVPA method, the location for a TCSC is between buses 7-5 and the 
site for SVC is at bus 5 in the 9-bus system. 

Table 6.1 shows eigenvalues with no FACTS device connected at different 
loading conditions for the 9-bus system. The following observations are made: 

• Damping of the interarea mode ‘a’ increases with the increase in system 
loading. This can be attributed to the fact that loads contribute to system 
damping. 

• Damping of the interarea mode ‘b’ increases until mid-loading condition and 
then decreases at maximum loading condition. The initial increase in damping 
is due to the contribution of loads but later decrease on further system loading 
is due to voltage instability. 

• With the increase in system loading vrithout FACTS device, the frequency of 
the interarea mode ‘b’ decreases from 8.36 rad/s to .23 rad/s implying a 
decrease in synchronizing torque. 

6.2 DETERMINATION OF “BEST” TCSC CONTROLLER (WITHOUT SVC) 

As indicated in Table 5.2, the TCSC improved damping of one of the interarea 
modes while operating vrith a set of controller parameters, which were not the “best”. The 
“best” set of controller parameters are now determined for the TCSC PI controller 
through root loci and step response studies as indicated in Sec. 6.1. The TCSC is 
providing a nominal compensation of 50%. The SVC is not connected in the system. 
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6.2.1 Base Case Loading Condition 


From the results of Chapter 5, the 9-bus system without any FACTS device is 
found to be stable at base case loading condition. This case is indicated in Table 5.2, 
which is reproduced in the 1^‘ column of Table 6.1 for ease of reference. The eigenvalues 
show that there are two interarea modes - interarea mode ‘a'( 12.74 rad/s) and interarea 
mode ‘b’(8.36 rad/s). 

Fig. 6.1 shows root loci and damping of interarea modes as well as the TCSC 
controller modes with varying Kj (Kp =0) at base case loading condition. Fig. 6.1 (a) 
shows the modal damping of the controller and interarea modes while Fig. 6.1 (b) 
illustrates the root loci of controller modes and interarea modes. Three different pairs of 
graphs are presented in Fig. 6.1, one for each sensitive mode. The first pair corresponds 
to the controller mode and other two pairs of graphs correspond to the interarea modes. 
Unless otherwise stated all the root loci cum modal damping plots reported in this chapter 
also follow the same pattern. The graph illustrating the modal damping of FACTS 
controller modes actually indicate the minimum damping of the controller modes. Since 
in this case there is only one pair of complex conjugate mode, the minimum damping is 
basically equal to damping of either of the two complex conjugate modes. The range of 
Xj is varied from -1 to 100 (point 1 to 15, correspondingly). Roots for each individual 
point corresponding to a X/ is shown in Fig. 6.1 (b), while the modal damping 
corresponding to this X/ point is depicted in Fig. 6.1 (a). For instance Xj=5 
corresponds to point 3 and its modal damping is +1 for the controller mode in Fig. 6.1 
(a). It can be observed from Fig. 6.1 (a) that for X/ =12.4 (point 6), all the sensitive 
modes have high degree of damping. Therefore X/ = 12.4 is chosen as the “desirable” 
value with Xp = 0 . Now with this value of X/, X p is varied over a wide range. The 
corresponding root loci of controller and interarea mode as well as the modal damping is 
shown in Fig. 6.2. Three pairs of figures are once again presented one for each relevant 
mode. It is evident from Fig. 6.2 that for Xp = -0.6 ( Xj = 12.4 ), the overall damping of 
controller and interarea modes is maximum. Therefore the “desirable” values of and 
Xj are selected as -0.6 and 12.4 respectively at base case loading. 
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Validation and refinement of the controller parameters obtained through root loc' 
technique is done through step response studies. In practice, line current or line power is 
usually taken to examine the system performance. In the present context it is not possible 
to express power/current over a line in a straightforward manner because network is 
modeled by algebraic equations only. Therefore the step respon.se is shown for A£' 
(small perturbation in voltage proportional to damper winding flux linkage) of machine 
connected at bus 2 with the input signal being (small perturbation in terminal 


voltage reference setting) of machine 2, both of which are state variables in the system 
model. It is expected that the system response with and AF^^y- will be indicative of 

the step response of line power/current signals. Fig. 6.3 shows step response of the 
system with the “best” controller parameters and two other set of arbitrary controller 
parameters. To clearly distinguish the three similar looking responses a zoomed version 
of these plots is presented in Fig. 6.3 (b). It is clear from Figs 6.3 (a) and (b) that 
parameters obtained as above from the root loci technique indeed give the “besf 
performance. 

It is important to mention that the same signals A£^ and have been used 

in step response studies in all subsequent studies. 


6.2.2 100% Loading Condition (Mid-loading condition) 


In this case, loading of all the buses is increased by 100% over the base case 
loading. The generation is also increased according to the respective machine inertias. 
Again, the root loci of controller and interarea modes are plotted for different values of 

Kp and Kj. Fig. 6.4 shows the modal damping and root loci of different modes with 
varying K j , keeping Kp=0. 

s seen that for Kj -12.1, the TCSC controller and the interarea modes have 
simultaneous high degree of damping. Therefore for Kp ^0, =12.\ \s chosen as the 

best value. With this value of Kj, parameter Kp \s varied. In this case, root loci for 
different modes are shown in Fig. 6.5. It can be observed that for Kp = -0.8, all the 
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sensitive modes exhibit simultaneous high damping. Therefore, Kp=-0.8 and 
K I =12.1 are taken as the “desirable” values of TCSC controller for mid-loading 
condition. Further refinement of the controller parameters obtained from root loci studies 
is done through step response analysis. Fig. 6.6 shows the step response of 9-bus system 
for the “best” controller parameters and two other arbitreiry sets of controller parameters 
at mid-loading condition. It is evident from step response also that the parameters 
selected above are indeed the “best” controller parameters for TCSC controller for mid- 
loading condition. 

6.2.3 Maximum Loading Condition 

In this case, with TCSC connected in the system, the loads are increased up to the 
point beyond which load flow does not converge. At this loading condition again, the root 
loci of controller and interarea modes are plotted on the same lines as described earlier. 
Fig. 6.7 shows modal damping and root loci of the three sensitive modes with varying 
K j with Kp = 0. In this case a simultaneous high degree of modal damping of all 
sensitive modes is observed for Kj =12.1. With this iC/ , the Kp is varied over a wide 
range. Fig. 6.8 shows root loci and modal damping with varying K p , keeping Kj =12.1 
constant. The “desirable” value of Kp is found at -1.0 . Thus, a high degree of damping 
for the sensitive modes is achieved simultaneously when Kp and Kj are -1.0 and 12.1 
respectively. The root loci results are subsequently validated by step response. In Fig. 6.9, 
step response for “best” controller parameters from root loci technique and two other 
arbitrary set of TCSC parameters is shown. It is seen that step response with selected 
values of TCSC controller parameters fi:om root loci technique are indeed the “best”. 

Table 6.2 shows system eigenvalues with “best” TCSC controller parameters 
obtained at different loading conditions (base, mid and the maximum) for the 9-bus 
system. Following observations can be made. 

• The TCSC dramatically improves the damping of interarea mode ‘b’ from 2.3% 
to 29.2%. The imparted damping increases with the loading except in case of 
maximum loading condition in which case the damping drops to 25%. 
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’g Root loci of controller and interarea modes and their corresponding modal 
damping for varying TCSC Kj {Kp = 0) for base case of the 9-bus system with TCSC 

alone 
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(a) Modal Damping (b) Root loci 

Fig. 6,2 Root loci of controller and interarea modes and their corresponding modal 
damping for varying TCSC Kp (Kj = 12.4) for base case of the 9-bus system with 

TCSC alone 
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(a) Actual step response 



Time (sec.) 

(b) Zoomed response of (a) 

g. 6.3 Step response with best” controller parameters and two arbitrary set of 
controller parameters for base case of the 9-bus system (TCSC alone) 
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Fig. 6.4 Root loci of controller and interarea modes and their corresponding modal 
damping for varying TCSC Kj {Kp =0) for mid-loading case of the 9-bus system with 

TCSC alone 
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g oot loci of sensitive modes and their corresponding modal damping for varying 
TCSC Ki (Kp = 12. 1) for mid-loading case of the 9-bus system with TCSC alone 
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Fig. 6.6 Step response with “best” controller parameters and two other arbitrary set of 
controller parameters for mid-loading case of the 9-bus system (TCSC alone) 
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Fig. 6.7 Root loci of controller and interarea modes and their corresponding modal 
damping for varying tCSC Kj {Kp = 0) for maximum loading case of the 9-bus system 

vi^ith TCSC alone 
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Fig. 6.8 Root loci of controller and interarea modes and their corresponding modal 
damping for varying TCSC Ki {Kp =\2.\) for maximum loading case of the 9-bus 

system with TCSC alone 
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Fig. 6.9 Step response with “ best” controller paranneters and two other arbitnay set of 
controller parameters for maximum loading case of the 9-bus system (TCSC alone) 
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Table 6.2 System Eigenvalues with “best” TCSC controller parameters at different loading conditions 
Base case loading I Base case loading I Mid loading 1 Maximum loading Remarks 



57 


366±0.4868i -0,4407 ± 0.309 li -1.0913 -0.8765 ± 0.2414i 

300 ± O.OOOOi -0.0000 ± O.OOOOi -0.5286 -0-5057 

-3.2258 -3.2258 -0.0000 ± O.OOOOi -0.0000 ± O.OOOOi 

-3.2258 -3.2258 
































With increased loading the frequency of interarea mode 
decline in synchronizing torque. 


‘b’ decreases implying a 


• The TCSC marginally enhances the damping of interarea mode ‘a’ from 5 6 % to 
6.4%. 


. The “best” controller parameters do not undergo any significant change with the 
change in loading condition. This is when the TCSC is providing 50% nominal 
line compensation. 


6.3 DETERMINATION OF “BEST” SVC CONTROLLER (WITHOUT TCSC) 


6.3.1 Base Case Loading Condition 


The procedure for obtaining “best” SVC controller parameters is the same as that 
for TCSC controller. At base case loading with SVC connected at bus 5 alone in the 
system, the root loci of sensitive modes and corresponding modal damping are obtained. 
Fig. 6.10 shows the root loci and the modal damping of SVC controller and interarea 


modes with varying K, and While Fig. 6.11 shows root loei and modal 

damping with varying Kp (AT, =5.9). The modal damping of interarea mode V 
(12.75rad/s) is not much affected and is therefore not shown in Figs. (6.10-6.1 1 ). It is to 
be noted that SVC has three controller modes. The modal damping shown in Fig. 6.10 (a) 
for SVC controUer modes represents infact the overall minimum damping of these throe 

SVC modes. From Figs. 6.10 and 6.11 it is evident that the desirable values for SVC 
controUer parameters are AT, = 1 . jf, = 5,9 ^ ^ 

high degree of damping simultaneously. Further refinement of these controller 
parameters has been done through the step response studies. Fig. 6.12 shows the step 

response of IsE, of machine 2 coiresponding to a step input in of machine 2.The 


desirable SVC contmller parameters obtained from root loci i.e. 5.9 are 

efined to give the best parameters as AI^ =1 and Ai, =20 for which a reduced 


overshoot is witnessed. 
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6.3.2 Mid-Loading Condition 


This mid-loading operating condition is the same as that used for the TCSC 
controller studies in Sec. 6.2.2. At this mid-loading condition the root loci and the modal 
damping of interarea modes and SVC controller modes are observed. Fig. 6.13 shows the 
root loci and the modal damping with varying .AT/ (AT/. = 0). It is for Kj = 20, the SVC 
controller modes and interarea modes simultaneously have a high degree of damping. 
With this A!’/ , the parameter Kp is varied. The root loci and modal damping of the SVC 
controller and interarea modes are shown in Fig. 6.14. It is noticed that for Kj = 20 and 
Kp = 0.1 , all the sensitive modes have a high degree of damping. The refinement of the 
above “desirable” SVC controller parameters Kj = 20, Kp = 0.1 is done through step 
response studies. It is foimd that indeed the “desirable” controller parameters obtained 
with root loci and modal damping give the “best” performance. The step response with 
the “best” SVC controller parameters along with two other arbitrary set of controller 
parameters are shown in Fig. 6.15. 

6.3.3 Maximum Loading Condition 

The maximum loading condition is the same as that used for TCSC in Sec. 6.2.3. 
At this maximum loading condition the root loci and modal damping of the SVC 
controller modes and interarea modes are observed on the same lines as done earlier. Fig. 
6.16 shows the root loci and modal damping of the SVC controller modes and interarea 
modes with varying Kj (Kp =0). It is depicted in Fig. 6.16. It can be seen from this 
figure that for AT/ = 60 , all the sensitive modes have a high degree of damping. With this 
Kj, the parameter Kp is varied over a wide range and the root loci and the 
corresponding modal damping are plotted in Fig. 6.17. It can be observed from Fig. 6.17 
that the overall damping of the sensitive modes is the highest for AC; = 60 and Kp = 2. 
Further refinement of the “desirable” SVC controller parameters is done using step 
response of the system. As evident from Fig. 6.18, there are some oscillations present in 
all step responses for chosen and other controller parameters. These oscillations die quite 
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quickly. Since the controller gains should not he too high, Kp = 2 and Af / = 60 are take 
to be the “best” parameters for SVC at maximum loading condition. 

The “best” SVC controller parameters and the corresponding eigenvalues are 
shown in Table 6.3 for different loading conditions. 

• The SVC does not improve the damping of both interarea modes ‘a’ and ‘b’ with 
the increase in system loading from base ease to maximum loading case. Infact it 
reduces the damping of interarea mode ‘a’ from 5.6% to 4.3% and that of 
interarea mode ‘b’ from 2.3% to 1 . 1 %. 

• The “best” SVC controller parameters vary significantly with the change in 
loading condition. 

6.4 DETERMINATION OF COORDINATED “BEST” SVC-TCSC 
PARAMETERS 


For the 9-bus system at base case loading condition, Extended Voltage Phasors 
Approach (EVPA) indicated the line 7-5 as the most probable location for placing a series 
device. The system voltage profile shows that voltages of all buses are within range 
(more than 0.9 per unit). At maximum loading condition, however, EVPA shows that 
there is a need for a shunt device at bus 5. It may be recalled that in Chapter 5, that 
although two devices were indicated by EVPA, only SVC was recommended for the 9- 
bus system from voltage stability and economic considerations. However to investigate 
the control of coordinated FACTS devices both devices are assumed to be installed in the 
system. As two devices are needed from base case to maximum loading condition, an 
attempt has been made to investigate the coordinated control of these two FACTS 
devices for these loading conditions. The SVC is connected at bus 5 and a TCSG that 
provides 50% compensation is connected between buses 7-5. 
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Fig. 6.10 Root loci of interarea and controller modes and their corresponding modal 
damping for varying SVC Kj (Kp =0) for base case of the 9-bus system with SVC 

alone 
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Fig. 6.11 Root loci of controller and interarea modes and their corresponding modal 
damping for varying SVC 5.9) for base case of the 9-bus system with SVC 

alone 
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Fig. 6.12 Step response with “best” and two other arbitrary set of controller parameters 
for base case of the 9-bus system (SVC alone) 
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Fig. 6.13 Root loci of controller and interarea modes and their corresponding modal 
damping for varying SVC Kj (isTp = 0) for mid-loading condition of the 9-bus system 

with SVC alone 
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Fig. 6.14 Root loci of controller and interarea modes and their corresponding modal 
damping for varying SVC Kp (Kj = 20) for mid-loading condition of the 9-bus system 

with SVC alone 


165 







Fig. 6.15 Step response for “best” controller parameters and two other arbitrary set of 
controller parameters for mid-loading condition of the 9-bus system (SVC alone) 
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Fig. 6.16 Root loci of controller and interarea modes and their corresponding modal 
damping for varying SVC Kj (Kp =0) for maximum loading condition of the 9-bus 

system with SVC alone 
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Fig. 6.18 Step response with “best” controller parameters and two other arbitrary set of 
controller parameters for maximum loading condition of the 9-bus system (SVC alone) 
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6.4.1 Different Loading Conditions 


Four different loading conditions are considered. The base case, mid and 
maximum loading conditions are the same as described in Sec. 6.2.1 -6.2.3. In these 
studies for each given loading condition, the “best” SVC controller parameters are kept as 
the same as obtained for that loading condition when considered alone. The “best” TCSC 
parameters are obtained on the same lines as explained earlier in Section 6.1 by the root 
loci, modal damping and step response studies. While this procedure has been done for 
each loading condition, the root loci, modal damping and step response results are shown 
only for maximum loading condition. 

At the maximum loading condition, the root loci and the modal damping of 
sensitive modes are plotted as shown in Figs. 6.19 and 6.20. From these figures the 
“desirable” controller parameters are chosen as Kj = -0.8 and Kp =12.8 for which the 
overall damping of the sensitive modes is high. Further refinement of these controller 
parameters is done through step response studies. It is seen that the “desirable” 
parameters emerge as the “best” parameters also. Step response with the “best” controller 
parameter and two other arbitrary sets of controller parameters are shown in Fig. 6.21. 

A new “ extreme” system loading condition is now defined when both SVC and 
TCSC are connected in the system. This loading condition is obtained when the loads and 
generations are increased to the point beyond which load flow does not converge. At this 
extreme loading condition, the TCSC controller parameters are once again obtained firom 
modal damping and root loci studies. The SVC controller parameters are kept the same as 
that of maximum loading condition. 

The “best” set of SVC-TCSC controller and the corresponding eigenvalues at 
different loading conditions of the 9-bus system are compiled in Table 6.4. Following 
observations are made. 

• The SVC-TCSC combination dramatically improves the damping of interarea 
mode ‘b’ from 2.3% to 31.3%. The imparted damping increases with the loading 
except in case of extreme loading condition in which case the damping drops to 
29.5%. 
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• With increased loading the frequency of interarea mode ‘b’ decreases implying a 
decline in synchronizing torque. 

• The SVC-TCSC combination affects very marginally the damping of interarea 
mode ‘a’. 

• With SVC-TCSC connected together, the “best” TCSC controller parameters do 
not undergo any significant change with the change in loading condition. This is 
when the TCSC is providing 50% nominal line compensation. 

6.5 DETERMINATION OF “BEST” TCSC PARAMETERS FOR DIFFERENT 
COMPENSATION LEVELS AT MAXIMUM LOADING CONDITION 

In this section, a study has been performed for different compensation level at 
maximum loading condition to investigate the behavior of controller parameters of the 
TCSC. Three compensation levels i.e. 30%, 50% and 70% of the line 7-5 are considered. 
Again the TCSC controller parameters are obtained using root loci, modal damping and 
step response studies on the same lines as described Sec. 6.1. Table 6.5 summarizes the 
“best” controller parameters of the TCSC and the associated eigenvalues for various 

compensation levels at maximum loading condition. Following observations can be 
made. 

• When no FACTS device is connected, the system is unstable at maximum loading 
condition. 

The SVC-TCSC dramatically improves the damping of the interarea mode ‘b’ 
from -10% (unstable) to -1-28.7% with the increase in compensation level. 

• The damping of the interarea mode ‘a’ declines from 22.8% to 6.3% with the 
increase in compensation level. 

. With SVC-TCSC connected, the “best” TCSC controller parameters vary 
significantly with the change in compensation level. 

It may be noted that the eigenvalues corresponding to the same 50% series compensation 
are different in Table 6.5 and Table 6.2. This is because the same line compensation has 
been obtained with two different values of (reactance of the fixed capacitor of 

TCSC). Table 6.2 was obtained with = 0.0598. It was noticed that TCSC 
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characteristic with X ^ — 0.0598 was not able to give the complete range of compensation 
from 30% to 70% (4.8% to 1 1.2%) of line 7-5. Hence a new value of X ^ was selected as 

0.0393 to provide the complete range of compensation. A graphical explanation of this is 
given in Appendix O. 

6.6 DETERMINATION OF “BEST” SVC-TCSC PARAMETERS FOR 
DIFFERENT COMPENSATION LEVELS AT MAXIMUM LOADING 
CONDITION 

In this section, a study has been performed for different series compensation level at 
maximiim loading condition to investigate the behavior of controller parameters of SVC- 
TCSC combination. It may be recalled that the SVC is connected at bus 5 and the TCSC 
is cormected between buses 7-5. The controller parameters of the SVC are kept fixed as 
obtained when the SVC was considered alone at maximum loading condition. Three 
compensation levels i.e. 30%, 50% and 70% of line 7-5 are considered. Again the 
controller parameters are obtained using root loci technique on the same lines as 
described earlier sections. The “best” TCSC controller parameters are obtained on the 
same lines as explained earlier in Sec. 6. 1 by the root loci, associated modal damping and 
the step response studies for various compensation levels at maximum loading condition. 

The “best” controller parameters of the SVC-TCSC and the associated 
eigenvalues for various compensation levels at maximum loading condition are compiled 
in Table 6.6. Following observations are made: 

• When no FACTS device is connected, the system is unstable due to the interarea 
mode ‘b’ at maximum loading condition. 

• The SVC-TCSC combination strongly stabilizes the interarea mode ‘b’ and 
further increases the damping of this mode from 28% to 32.9% with the increase 
in compensation level from 30% to 70%. 

• The damping of the interarea mode ‘a’ declines from 22.8% to 5.5% with the 
increase in compensation level. 
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Fig. 6.19 Root loci of interarea and controller modes and their corresponding modal 
damping for varying TCSC Ki {Kp = 0) for maximum loading condition of the 9-bus 

system with SVC-TCSC combine 
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Fig. 6.20 Root loci of interarea and controller modes and their corresponding modal 


damping for varying TCSC Kp (Kj =12.8) for maximum loading condition of the 9- 


bus system with SVC-TCSC combine 
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Fig. 6.21 Step response for best” controller parameters and two other arbitrary set of 
controller parameters for maximum loading condition of the 9-bus system (SVC-TCSC 
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Table 6.5 TCSC alone at maximum loading condition with different compensation level 
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• With SVC-TCSC connected together, the “best” TCSC controller parameters 
vary significantly with the change in compensation level. 

6.7 DISCUSSION AND GENERAL OBSERVATIONS 

. Various studies of this chapter at different loading conditions with TCSC alone 
indicate that the system response does not vary much with changes in the loading 
conditions. The controller parameters also do not vary significantly. This is due to the 
fact that the compensation of line 7-5 is fixed at 50% and firing angle is also fixed at 

160° . Therefore the short circuit level of the system does not get changed at different 
loading conditions. It is known that the response of a TCSC is dependent on the 
interaction of TCR with a combination of fixed capacitor and equivalent line 
inductance. The “best” controller parameters vary significantly when the 
compensation level is changed at maximum loading condition. 

• Since the SVC is equipped with pure voltage controller, it is not able to add damping 
to the interarea modes of the system [2]. If damping of the interarea mode is to be 
improved, the SVC must be equipped with auxiliary controller apart from PI voltage 
controller. However as the basic purpose of an SVC is to maintain voltage profile of a 
particular bus at desired level, the PI voltage controller should be optimized. 

• In the case of SVC, the “besf’ controller parameters vary significantly (there is a 
large change in Kj with the change in loading condition). The reason for this is that a 
change in loading condition leads to change in operating condition and the average 
TCR conductance. This causes a change in the response time of the SVC. Hence there 
is a need to change Kp and Kj of the SVC to get the best response. Therefore the 
“best” controller parameters do vary with the change in loading condition in case of 
an SVC connected to the system. 

• In general, SVC and TCSC stabilize the system at maximum loading condition. The 
effect of a TCSC is more as compared to an SVC from stability perspective. This is 
expected because the SVC is equipped with only voltage controller which does not 
contribute to system damping. 
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• The TCSC alone increases the damping of both the interarea modes ‘a’ and ‘b’ 
whereas SVC deteriorates the damping of both these interarea modes. This is evident 
from Tables 6.2 and 6.3. A close look at Tables 6.2 and 6.4 reveals that the SVC- 
TCSC combination is more effective as compared to the TCSC alone in increasing 
the damping of both the interarea modes. 

• Tables 6.3 and 6.4 show that the SVC alone deteriorates the damping of the interarea 
modes whereas a combination of SVC-TCSC improves the damping of these modes 
significantly. 

• Tables 6.5 and 6.6 show that the TCSC alone and the SVC-TCSC combination is able 
to stabilize the system. The SVC-TCSC improves the damping of the interarea mode 
‘b’ significantly as compared to when the TCSC alone is considered at maximum 
loading condition for providing different compensation levels. 

• Both these FACTS devices stabilize the system at maximum loading condition, even 
though the SVC does not have the same stabilizing influence as the TCSC. 

• The adopted root loci technique also gives a clear insight of controller behavior for 
different pairs of Kp and K j . This useful information may be used by an operator to 
vary the controller parameters in a range to have high degree of modal damping for 
the sensitive modes (interarea mode ‘a’, interarea mode ‘b’ and FACTS device 
controller modes) which is vital for the system stability. 

6.8 CONCLUSIONS 

In this chapter, a very simple and heuristic method of obtaining individual as well 
as coordinated FACTS controller parameters is presented. The results obtained from root 
loci £md modal damping analysis are further refined using step response studies. This 
Chapter provides a significant insight in interaction of FACTS devices and the behavior 
of controller parameters with the change in system operating conditions. Based on 
various studies performed in this Chapter folloMung conclusions are made: 

• Increase in system loading has differing (positive and negative) influences on 
different interarea modes. 


181 



• FACTS devices influence one interarea mode more than other. 

• TCSC has more beneficial effect on the damping of one interarea mode than SVC 

• Change in system loading does not influence the “best” setting of TCSC controller 
parameters but the SVC controller parameters get affected by system loading. 

• TCSC controller parameters vary with the changes in percentage series compensation 
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Chapter 7 


CONCLUSIONS 


A novel placement methodology termed as Extended Voltage Phasors Approach 
(EVP A) has been proposed in this thesis. The proposed EVPA methodology is less time 
intensive and a non-Jacobian based technique. To examine the efficacy of placement 
strategy, a general purpose versatile MATLAB program has been developed using 
MATLAB 5.3. The developed MATLAB program has been used for small signal analysis 
of four power systems (6-bus, 9-bus, 39-bus and 68-bus). Further the developed 
MATLAB program has features of incorporating multiple FACTS devices in modular 
fashion. Modeling of key FACTS devices namely SVC, TCSC, STATCOM and SSSC 
has been done using power balance form and these are incorporated in the developed 
MATLAB program in a modular fashion. Impact of coordinated control of FACTS 
devices has also been investigated in this thesis. 

7.1 GENERAL CONCLUSIONS 

The general conclusions of the thesis are summarized below. 

7.1.1 Extended Voltage Phasors Approach (EVPA) - A Novel Placement Strategy 

A novel non-Jacobian based placement strategy termed as Extended Voltage 
Phasors Approach (EVPA) is presented for identification of critical line segment from 
voltage stability consideration in the power systems. It is understood that Jacobian is 
always utilized in load flow studies. In Jacobian based methods, the load flow Jacobian 
elements are utilized for calculating the indices for placement of FACTS devices. 
However non-Jacobian methods utilize only the load flow results and not the Jacobian 
elements. The results of EVPA are compared and validated by LFI approach as well as 
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voltage profile graphs of the system at base case loading and maximum loading 
conditions. EVPA is applied to four systems viz. 6-bus, 9-bus, 39-bus and 68-bus system 
at different loading conditions. In all these systems the EVPA approach identifies the 
critical path and the most critical segment correctly as identified through other methods. 
It also indicates the cause of the problem as either due to active power or reactive power 
loading of the system. In EVPA there is no need to compute four indices for each line as 
is done in LFI approach. Therefore EVPA is computationally more efficient. EVPA is 
also applied to 68-bus system at base case loading condition considering various 
contingencies in the system. It is found that in most cases the critical link obtained in 
healthy system study continues to remain critical, but in few cases some other line 
become more critical. One test study on 68-bus system has also been presented for 
multiple device placement using EVPA technique. 

7.1.2 Development of General Purpose MATLAB Program 

A general purpose versatile MATLAB program for small signal and voltage 
stability analysis of multimachine power system has been developed using MATLAB 
5.3. The developed MATLAB program uses two axis representation of synchronous 
machines and both rotating and static type of exciter can be incorporated in it [97]. The 
methodology of multimachine modeling is based on power balance form. The results of 
the developed MATLAB program are found to conform with an already published result 
[97]. 

7.1.3 Mathematical Modeling and Incorporation of FACTS Devices in the 
Developed MATLAB Program 

Mathematical modeling of various key FACTS devices viz. SVC, TCSC, 
STATCOM and SSSC have been done using power balance form. Different types of 
controller i.e. PI and state feedback controllers with integral control have been used with 
the FACTS devices. It is demonstrated that all the models developed are modular and can 
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be easily incorporated in developed MATLAB program. Multiple FACTS device 
incorporation in the developed MATLAB program has also been demonstrated. 

7.1.4 Analysis of EPVA Using Developed MATLAB Program 

Further the efficacy of EVPA has been tested utilizing developed MATLAB 
program and step response analysis of the system at various loading conditions. Voltage 
profile analysis has also been done for 6-bus, 9-bus, 39-bus and 68-bus power systems at 
different loading conditions. It is shown that EVPA indicates appropriate optimal location 
from voltage stability viewpoint. It is worth mentioning here that these places may not be 
the optimal places from system damping viewpoint. The controller parameters are chosen 
carefully so that the system performance is satisfactory. Small signal analysis of the four 
systems has been done utilizing both single as well as multiple FACTS device 
combination. 

7.1.5 Coordinated Control of FACTS Devices 

An attempt has also been made to study the impact of coordinated control of 
FACTS devices for the 9-bus system at different loading conditions using heuristic root 
loci technique. In this technique, the controller parameters are varied one at a time. The 
best controller parameters are chosen on the basis of high degree of modal damping of 
the concerned modes simultaneously. This technique also yields the complete range of 
controller parameters for satisfactory operation of the power system. The root loci 
technique has been applied to obtain the controller parameters when the SVC and TCSC 
are considered individually as well as in combination for the 9-bus system at different 
loading conditions. The study reveals that the TCSC has a greater impact on the system 
damping than the SVC since the SVC is equipped with only a pure voltage controller. It 
has been found that with the variation in system loading condition, individual TCSC 
controller parameters do not vary significantly whereas SVC parameters do. Again when 
the SVC-TCSC combination is considered at various loading conditions, the TCSC 
controller parameters do not vary significantly. This may be attributed to the fact that 
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compensation provided by the TCSC is same in all loading conditions. Therefore the 
short circuit level of the system does not get changed at different loading conditions. The 
SVC controller parameters vary significantly because with the change in loading 
condition, the reactive power recjuirement of the system also changes. A study has also 
been performed with different levels of compensation for the 9-bus system with the SVC- 
TCSC combination. In this case the TCSC controller parameters vary significantly. This 
is expected because short circuit level of the system now gets changed and so do the 
TCSC controller parameters. 

7.2 SCOPE FOR FUTURE WORK 

Some suggestions for the future work are 

• Validation of proposed placement strategy should he done on extremely large power 
systems. 

• Validation of Placement strategy for transient stability study needs to be done using 
transient stability simulation packages. 

• Models of FACTS devices should be utilized in load flow studies. 

• UPFC and other FACTS device models can be developed on the same line and added 
in the developed MATLAB program. 

• Established optimization techniques can be utilized to obtain the optimal parameters 
of FACTS controllers. 

• Interaction between higher order controllers of both SVC (auxiliary damping 
controller) and TCSC (power swing damping controller) must be studied. 
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APPENDIX A 


MULTIMACHINE MODELIING 


A.1 MACHINE-NETWORK TRANSFORMATION 

The machine-network transformation is expressed as 


1 


sin5; 

-cosSj 


1 

Fcii_ 


cos 6/ 

sin6j 


I 

to 

1 


and 



sin6/ 


-cos5j 


cos5j- 


Fdi 


sin 5/ 



/= 1,2, ,m 


where F can either be voltage V or current / . A graphical representation of theabowe 
equations is shown in Fig. A.l. 



Fig. A.1 Graphical representation of machine-network transfomnation 
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A.2 DETAILS OF DAE MODEL 


Differential equations (2. 1-2.7) are linearized as 


dh.d; 

—j^ = AQ)j i = l,2, ,m 

A/^- ^ X^i 7^-^ Al^j ^'qi^qio^di 

<>< Ml M, * 

Mf Mj 

^qi ^qio ^ d i D^Aco^ 

Ml ~~1I~ ” 

* ‘^'do! ^dol Th^i '-1.2,- 

dt T' ■ r^~ ^ -i>2, m 

<10' ^qoi 

^^fd i /^y 

dt ~ ^i^^fdio)^fdi+~-^ i = 1,2, , w 

^ Ei 

= ZAKeL + ^AtJ^jpi _K^iKpiAE fj! _K^iAV^ 

~^F, T^T 

, Wen . ,, 

T ,m 

Ai 

“* 2>,' ~(J^ ■” 

where 


.,m 


(A.1) 


(A.2) 

(A.3) 

(A.4) 

(A.5) 

(A.6) 

(A.7) 
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^ ^ ^ _~\-^Ei + ^fdio (Efdio ) + (^fdio )] 

Ji\Efdio)~ rp 

Tei 

Agx and Bgx are saturation constants. 

Equations (A.1-A.7) can be written in matrix notation as 


AX,- = An AX I + A 2 i Algj + A^i AF • + At/,- i = 1,2, ,m 


where, Algj 


^di 

^qi 


AVg, = 


AB, 

AF; 


; and AF,- = 


AT’m/ 


AF,e// 


Ai 


-Dj 

M,- 

0 

0 

0 

0 

0 


” ^qio 


^doi 


0 

0 

0 


-I 


dio 


M, 


-1 

t 

T • 

^qoi 


0 

0 


0 

0 

1 


^doi 


fii^fdio) 

-KAiKpi 

"^AAFi 

Kpi 


iTpiY 


0 

0 


1 

TEi 

-1 

TAi 

0 


0 

0 


Km 


Tai 

-1 

Tpi 


(A.8) 
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A^/-[A5,- Aco,- ^E'qi AE'^i AEf^i Mp^]^ 

for i = l,2, ,m 

For m-machine system, (A.8) can be expressed as 
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^JC = A^^JC + A2Mg+AJ,^Vg+E^U (A.9) 

y4j , A 2 , A^ and E are block diagonal matrices. For instance A^ is given by 



Linearization of (2.9) and (2.10) yields 
^E'^i-smiSio -9io)^yi -VioCos{Si^ -9io)^5i 

+ ViQ cos(^j-Q - ^/o) - R^i AIj{ + X'qi A/^j =0 i = 1,2, ,m (A.10) 

A£^ -cos(Sio -9io)^yi -^io 

+ F,,sin(.?,^ -0,,)A9,-R,iAl^i -X'^,AIj,=0 i = l,2, ,m (A.11) 

Writing (A. 1 0) and (A. 1 1) in matrix form 

0 = AXi + B 2 i Algi + AVgi i = 1,2, ,m (A. 1 2) 

or 

0 = B^AX + B2AIg+B3AVg (A.13) 

where Bi , B 2 and £3 are block diagonal matrices. Various matrices of (A. 12) are 

_r-F,^cos(cy,^-^,,) 0 0 1 0 0 O' 

010000 
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1 


^2/ 


-^si 


■x: 


di 




^io - ^io ) - sin((^/o - ^io ) 

.- Kd sin(<?/o - ^io ) - cos(<5,-o - ), 


Linearization of (2. 13) and (2.14) gives 

Via ^H5io -Oio)^di + Jdio ^HSio -^/,) AF, 

+ JdioVio ) Ac^, - sm{Si, - 0,^ ) 

+ sm{di, -0i,)A0^ cos(^,., A^,. 

+ F;^ cos(SiQ - ^io ) ^qi + F gio cos{Sj^ - 0 ^^ ) A Fy 


cos(^/<, -«/a)]AF,. - F;^ C0S(^,.^ -0^^ -«tt)] AF^ 

/i; = I 

n 

+ -a«)]A^, Sin(^,„ -6>,„ 

k=\ 

^ = 1)2, ,/n 


+ A?i,{^) = 0 


(A.I4) 


+ /O cos(<5,.^ - 0.^ ) AI^. + / ^ cos((5^ - ) A F,. 

/7 

<=0^(6^ -5>fo -«(*)]Af^. - j;[)^.^ eos(«, 


‘^/a)]af^ 


i--t 

■Aei,K)=o 


*=] 

jti 


^- 1 ) 2 , , 7 W 

Equations (A. 14) and (A. 15) 


(A.15) 


are written in matrix form as 
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0 - Cy AX I + C2i A/ • + [C3JJ €^12 ■ ■ ■ ] 


AV. 




AV. 


g2 


AV. 






AV 


/,W + 1 


AV 


l,m+2 


AV 


l,n 


+ 




i = l,2, ,m 


For m machines (A. 16) can be written as 


0 = 


^11 

'AATi' 


1 

0 

N> 

1 

1 

1 


AX2 


C 22 

... 

^Im. 

_XXm_ 


^2m. 

J^gm 


' 3,11 ^ 3,12 


'3,l7n 


^3,ffjl ^3,m2 ^3, mm J 


AF, 




AF 


g2 


AV 


gm 


^4,\m+\ 

Q,2/n+l 

^4,lw+2 

1 



0 

^^lm+\ 

^^lm+2 


^aO'i) 

A2tl(>'l) 

_^4,/7im+l 

^i,mm+2 


1 

> 

L 


APlmO'*) 


Equation (A. 17) can be written in a more compact form as 
0 = C, AX + C2 Alg+C^ AVg+C^ AVi+ASig{V) 


(A.16) 


(A.17) 


(A.18) 
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Linearizing (2.15) and (2.16), pertaining to load buses 


n 

0 = APii (F; ) - [ X - «« )1 A F, 

k=\ 

n 

F {Y/Mk “”(«/<- -Bh, 

A=1 

n 

-yioYi'^ik^<^io-Skc-<^ik)Wk 

k-\ 

n 

~ / — /?! + 1, 

A=1 


0 = mi<ri)-lYytcy^k -a,4)]AF,. 

/fc=l 

n 

4=1 

n 

*=1 

n 

^/o ~ ^ko ~^ijj\^^k i = m + \, , « 

k=\ 


Equations (A. 19) and (A.20) in matrix notation 


(A.19) 


(A.20) 
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0 = ASt^l(y) + DiAVg+D2AVi 

(A.22) 

Rewriting (A.9), (A. 13), (A. 18) and (A.22) together 

AA: = Aj AA: A2 A/^ + A3 + £• AC/ 

(A.23) 

0 = B^AX + B2AIg+B3AVg 

(A.24) 

0 = Cj AA: 4- C2 A/^ + C3 AF^ + C4 AV[ + ASftgiV) 

(A.25) 

0 = DiAVg+D2AVi+ASLi(V) 

(A.26) 


Equations (A.23-A.26) gives DAE model for the multi-machine system. 
From(A.24), Alg is given as Alg = - 82 ^ + B^AVg) . 

Substituting Alg in (A.23) and (A.25) the following equations are obtained. 

AX = (Ai-AiBj^Bi) AX + (A 3 - ^ 2 ^ 2 ^ 53 )AVg+E AU (A.27) 

0 = K2AX + KiAVg+C4AVi+ASLgiV) (A.28) 

where, JT, 4 [C3 - € 282 ^ 83 ] ; and 82 ^ [Q -€ 282 ^ 8 ^] 
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Equations (A.26-A.28) can be combined to form the DAE model as 


1 


'ax' 



0 

0 

= 

«2 



0 


0 


^2 


AA 

AV, 


+ 


0 



^Lg(y) 

+ 

0 

_^Lg(n_ 


0 


AU 


(A.29) 


Equation (A.29) can be rewritten as 


AX 


■^Imod 

^Imod ^3mod 

'ax' 


0 


'e' 

0 

= 

K2 

Ki 

Ci 


+ 


+ 

0 

0 


. 


^2 . 

I 

> 

1 


1 


0 


AU 


where 

^Imod ^2 

^2 mod ~ -^3 ^-^3 

■^3mod 3Jtd Gj are null matrices. 


(A.30) 
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a.3 dialog box of developed matlab program 


The dialog box of developed MATLAB program is shown below. 
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APPENDIX B 


CALCULATION OF INITIAL CONDITIONS 


B.l 


COMPUTATION OF INITIAL CONDITIONS FOR 
SYSTEM 


multimachine 



Fig. B.l Representation of stator algebraic equations in steady 


state 


Phaser diagram of stator algebraic equations in steady state is shown in Fig. B.I. 
It IS assumed that a load-flow solution of the system is available. Following steps are 
needed for computation of initial conditions. As an example, initial condition calculations 
or machme 1 of the WSCC 3-machine, 9-bus system are also presented [97]. 

Step 1 Calculation of generator currents 


Vi 


^ - 1>2, j/7j 

This cunent is in the network reference frame and is equal to (/,, r- 
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step 2 Calculation of rotor angle 


Rotor angle can be calculated from the “phasor diagram” as shown in Fig. B.l . 


5, = angle of (Vje^^‘ + (Rsj + jXq{)lQi e ^' ) i = 1,2, ,rri 


Step 3 Calculation of f > I qi > , Vqj 


^di ^ 


Vdi + jVqi=Vie 


_/(0/ 5/+^) 


f = l,2, 


.,m 

,m 


Step 4 Calculation of E'di 


E'di={Xqi-X’q,)lqi 

Step 5 Calculation of E'qj 

Eqi = Vqi + Rsi^qi + ^ di^di 


Step 6 Calculation of E jdi 


Efdi=E'qi+{Xdi-X'di)Idi 


Step 7 Calculation of ,Rfi, Vrefi 


VRi=(KEi+SEi(Efdi))Efdi 
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APPENDIX B 


CALCULATION OF INITIAL CONDITIONS 


B.1 


COMPUTATION OF INITIAL CONDITIONS FOR 
SYSTEM 


multimachine 



ig. B.l Representation of stator algebraic equations in steady state 

Phaser diagram of stator algebraic equations in steady state is sho™ in Fig. B.l, 
It IS assumed that a load-flow solution of the system is available. Following steps ate 
ne^ed for computation of inifial condiflons. As an example, initial condition c^culata 
for machine 1 of the WSCC 3-machine. 9-bus system are also presented [97]. 

Step 1 Calculation of generator currents 


- ^^Gi-jQc,i) 


V- 


= U , 


m 


This current is in the network reference frame 


and is equal to (/^,. + ^2 
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step 2 Calculation of rotor angle 


Rotor angle can be calculated from the “phasor diagram” as shown in Fig. B.l . 
5,- = angleof +jXqi)lQi ) z =1,2, ,m 


Step 3 Calculation of I I qi^ ^di > ^qi 



/ = 1,2,.... 



z = l,2,.... 

..,/M 

step 4 Calculation of E'dj 



Edi == i^qi ~ ^ qi)^qi ^ “ 

U ,m 


step 5 Calculation of Eqj 



Eqi = Vqi + ^si^gi ^ di^ di 

r=l,2, 

.,/M 

Step 6 Calculation of E fdi 



Efdi=E'qi+{Xdi-X’di)Idi 

/ = 1,2,.... 

..,/M 

Step 7 Calculation of Vf^i,Rpi, 

‘^refi 


VRi={KEi+SEi{Efdi))Efdi 

i = l,2,... 

...,/M 


213 



Rpi = 


^Fi Efdi 


^Fi 


i = l2, ,m 


VRi 


^refi = ^ = 1 , 2 , ,m 

^Ai 


"^Mi ^di^di ^qi^qi "*■ 2Cjj)I 


^qi 


i = 1,2, ,m 


Tliis completes the computation of ail dynamic-state initial conditions and fixed 

inputs. 

B.2 SAMPLE CALCULATION FOR MACHINE 1 OF WSCC SYSTEM 

The load flow result at base case loading yields the following data for machine 1 
Pgx = 0.716 (pu), (g^j = 0.27 (pu), V = 1.04Z0° 

Based on the procedure described in B.l, initial conditions for machine 1 are computed as 

=0.736Z- 20.66° 

*^l(0) = 3.58° 

/^l= 0.302, 7^1=0.671 
0.065, F^i= 1.038 

E'di=0 

E'gi =1.056 

^/^l= 1.082 

= 1 . 1 05, Rp^ = 0. 1 95^ = 1 .095 

2^1=0.716 
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APPENDIX C 


SYSTEM DATA FOR WSCC 3-MACHINES, 9-BlJS SYSTEM 

The system data for base case loading are given below 
BaseMVA lOOMVA 
Machine Data 


PARAMETERS 

MIC 1 

M/C 2 

M/C 3 

H(sqc) 

23.6400 

6.4000 

3.0100 

X^(pu) 

0.14600 

0.8958 

1.3125 

X'dipu) 

0.06080 

0.1198 

0.1813 

Xqipu) 

0.09690 

0.8645 

1.2578 

X'^(pu) 

0.09690 

0.1969 

0.2500 

7’rfo(sec) 

8.96000 

6.0000 

5.8900 

Tgoi^ec) 

0.31000 

0.5350 

0.6000 


Exciter Data 


PARAMETERS 

EXCITER 1 

EXCITER 2 

EXCITER 3 

Ka 

20.0 

20.0 

20.0 

T ^ (sec) 

0.20 

0.20 

0.20 

Ke 

1.0 

1.0 

1.0 

Te 

0.314 

0.314 

0.314 

Xf 

0.063 

0.063 

0.063 


0.35 

0.35 

0.35 

Rs 

0 

0 

0 

^ex 

0.0039 

0.0039 

0.0039 

^ex 

1.555 

1.555 

1.555 


and Bgy. are saturation constants. 
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APPENDIX D 


SVC MODELING AND SYSTEM PARAMETERS 

D.l DETAILS OF SVC MODELING 

Equations (3. 5-3. 7) can be written in matrix form as 


^\SVC 


^2SVC 

= 

J^3SVC_ 



Tm 

-Ki 

-Kp 


0 


KV, 


SVCo 


0 


^ISVC 

^2SVC 

.^3SVC 


■(l + -^-^35FCo) 
0 
0 


[^^SFcl 


(D.l) 


Equation (D.l) can be written as 


^SVC ^ SVC ^^svc 

where 


^SVC - 


zl 

Tm 

-Kj 

-Kp 


0 


KV, 


SVCo 


0 

-1 


and 


(D.2) 
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^svc 


— i^^KX^svCo) 

^ m 


0 


0 


Network Equations of the System with SVC 

The SVC can be connected at either the existing load bus or at a new bus that is 
created between two buses. As DAE model is based on power-balance, rewriting of the 
power-balance equations at the load buses with SVC connected in the system requires 
modification of in (2.32). When SVC is connected at specified load buses, (2.15) 
and (2.16) get modified as given below 


Psvci X^iVkY^k cos(^/ -Ok -0Cik) = 0 

k-\ 


i = m + \, 


(D.3) 


Qsvci ■<-^lf(^i)-ZK-^i^ik sin(^/ -Ok-cCij^) = (} 


k=\ 


^ = rn + \ ,n (D.4) 


Equation (D.5) is obtained after linearization of (D.3) and (D.4) on the same lines 
as done in Appendix A.2. 


^SVC +Dsvc ^Xsvc +/>! + 2)2 AF^ = 0 

or 

Dsvc ^SVC +-O 1 AF^ +-025FC AF; =0 


(D.5) 

(D.6) 


where D2svc = ^svc +I >2 

Matrices D, and are defined in Appendix A.2. The size of these matrices will 
d on the number of load buses in the power system. For example for the 9-btis 
system dimensions of Z., and D, are 14x6 and 14x14 respectively. Dimensions of 
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Csvc ^SVC will be 14x14 and 14x3 respectively, is anil matrix as P^yc 
is zero and the entry in C^yQ matrix will depend at which bus the SYC is connected. If 
SVC is connected at bus 4, Csvc (4>4) will have a non-zero entry. 

Equations (D.2) and (D.6) are added to (2.30) and then reordered to get final form 
as 

AJV ^\mod ^\svc ^2neM> 

SVC ^2svc '^SVC ^3svc 

0 ^2 ^Asvc ^\new 

0 ^SVC ^lnew_svc 

E' 

0 

+ AU 

0 

0 

Matrices ■^Imod > ^2new > -^Znew > ^2 ’ ^Inew > ^4new defined in Appendix 

A.2. Matrices Pis^c, matrices. Matrices P^svc^ ^rvcnew> 

^lnew_svc and Dinewjvc aie reordered matrices. In (D.7) dimensions of various 
matrices after reordering (for WSCC system with SVC connected at bus 4) are 

15x15 15x3 15x4 15x16 

3x15 3x3 3x4 3x16 

6x15 6x3 6x4 6x16 

14x16 14x3 14x4 14x16 


^svcnew ^^SVC 
^Anew Az 
^lmw_svc _ Av 

(D.7) 
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Let 


^sn = 


^Isvc 

’ '^SF2 = 

^2^ew 

1 — — 

en 


^ ‘^Isvc 

Asfc. 

^ ^3svc 



j 

'K2 

P 

^ 4,yvc 



C 

^ 4 new 

Agys = 


^svc_ 

, Agy4 = 



.^1 

J^lnew_svc 

^Inewjsvc 


The state equation for the system with SVC is then given as follows 


-JVC ^SVC ( 

where 

^sys-svc =Asn -(Asy 2 * (wv(^SF4 )) * ) and 

JVC ~ ^^SFc]^ 

D.2 SYSTEM DATA FOR WSCC 3-MACHINES, 9-BUS SYSTEM WITH SVC 


BaseMVA 100 MVA 
Machine Data 


PARAMETERS 

M/Cl 

rM/C2 

" M/C 3 1 

Lf(sec) 

23.6400 

6.4000 

3.0100 


0.14600 

0.8958 

1.3125 

X'd(pu) 


0.1198 

0.1813 

X^(pu) 


0.8645 

i.2578 

X'aiPu) 

liSBI 

'0.1969 

0.2500 

T'doiSQC) 


6.0000 

5.8900 

T^o(sec) 


0.5350 

0.6000 

L ^ 

0.01254 

0.0068 

0.0048 
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PARAMETERS EXCITER 1 I EXCITER 2 I EXCITERS 

20.0 20.0 20.0 

r^(sec) 


Ki 


100.0 


FROM 


||||Q||[||[ 

0.0576 

0 

0.0170 

0.0920 

0.158 

0.0390 

0.1700 

0.358 

0 

0.0586 

0 

0.0119 

0.1008 

0.209 

0.0085 

0.0720 

0.149 

0 

0.0625 

0 

0.0160 

0.0805 

0.153 

0.0160 

0.0805 

0.153 

0.0100 

0.0850 

0.176 


BUS 

ANGLES 

VOLTAGES 

PL 

QL 

PG 

QG 


(degree) 

(pu) 

(pu) 

(pu) 

(pu) 

(pu) 

1 

0 

1.0400 

0 

0 

0.7163 

0.2688 

2 

9.2499 

1.0250 

0 

0 

1.6300 

0.0664 

3 

4.6470 

1.0250 

0 

0 

0.8500 

-0.1089 

4 

-0.1600 

1.0148 

0 

0 

0 

0 

5 

-2.2163 

1.0259 

0 

0 1 

0 

0 

6 

-3.9822 


1.2500 

0.5000 

0 

0 

7 

-3.6930 

wbsbsmi^ 

0.9000 

0.3000 ^ 

0 

0 

8 

3.6897 

1.0258 ^ 

0 

0 

0 

0 

9 

. 0.7027 

1.0159 

1.0000 

0.3500 

0 

0 

10 

1.9490 ; 

1.0324 

0 

0 

0 

0 
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APPENDIX E 
DETAILS OF TCSC MODELING 
E.1 DETAILS OF (3.20) 


Linearization of (3. 1 8) and (3. 1 9) yields 


^Cl 


Tcl 


(E.l) 


^2TCSC 


(E.2) 


As the TCSC controller is assumed lossless, the real 
same. The real power feedback is taken from bus k. 
Linearization of (3.12) yields 


power at the two ends of the bus is 


^k=^^k ^mo hcsco ~^mo)‘ 

'^^ko ^TCSCo -^mo) 

'^^ko ^mo ^TCSCo 
+ ^ko ^mo hcSCo ^OSiOko - Orno)^e,^ 

~ ^ko Vmo BtcsCo C0S(^^ - 

Substituting value of AFj into (E. 1) and (E.2) produces 
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^\TCSC - 


-AAT 


\TCSC 


'cl 




mo 


■ + Vmo BtCSCo Sin(^to “ ^mo ) 

''cl ■'cl 

^TCSCo ~ ^mo ) 


+ ^0 ^mo ^TCSCo - 

+ ^ko ^mo ^TCSCo ~ ^mo 

~ ^ko ^mo ^TCSCo ~^mo)^^m] 

^ITCSC = ~^l\.^^k ^mo ^TCSCo ~^mo) 


+ ^ko ^^mo ^TCSCo ~ 

^ko ^mo ^TCSCo si'^(^ifco “ ^fno^ 

+ ^ko ^mo ^TCSCo ~ ^mo 

~ ^ko ^mo ^TCSCo ~ ^mo)^^7n\ 


(E.3) 


(E.4) 


Writing (E.3) and (E.4) in matrix notation 


^ITCSC 
hXiTCSC _ 


= ^TCSC 


^ITCSC 

^2TCSC. 


+ B 


TCSC 


AVk 


i.e., 


^TCSC ~ -^TCSC ^TCSC + ^TCSC 


AOk 

AVj, 

A0 


m 


AV. 


mj 


(E.5) 


(E.6) 


where 


^ITCSC 


^TCSC = 


,^1TCSC\ 


and Ajcsc ^TCSC ^ 
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^TCSC = 


-1 KpVj^V^,{FFCONS)sm{ej,,-e^,) 
Tcl 

-K,V,^J^^(FFCONS)smi0f,, -9^,) 


1 


Tci 


0 


Details of FFCONS are given in Appendix E.2. 


^TCSC = 


J 

C 


£ 

3 


C 


2)' 

JJ 


- 'Ff^\ykymo^TCSCo 

^d 

^ - ~Y^[^mo^TCSCo sin(<^fo “ ^mo)\ 

^c\ 

^ ~~^\r^ko^mo^TCSCo -^mo)] 

^ ^~f^[^ko^TCSCo sill(^Ao -^mo)] 

■'cl 

^^-^A^ko^ntoBTCSCo COS(^;to -^mo)] 

3 = -Kj B tcsCo sin(^/fco -dmo)\ 
g = -Kj [-VkoV^^Brcsco cosiOko - d^o)] 
J4 = -KilVkoBxcsco sin(^fco - Omo)] 

E.2 DETAILS OF CONSTANT FFCONS 
Linearizing (3.16) gives 

^TCSC -(B'FCONS)AXij’q^(. 


(E.7) 
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Details of FFCONS are obtained as shown below. It is to be noted that a is also a state 
variable and is equal to ^\tcsc shown in Fig. 3.11. 

Linearization of (3 . 1 1 ) gives 


^TCSC (-^^0 + ^ITCSC — KnijP' - 1)^ sin(/£';r - K:^i7’cSCo)'^lfC5C 
or 


^TCSC 


2 2 

■ FF2 — Kn{K - 1) sin(/c;;r - kK \ tcsCo \TCSC 
_ 


AX 


\TCSC 


or 

A^rcsc = {PPCONS) AXircsc (E.8) 


where 


FPCONS = 


- FF2 -kk{k- - 1)^ sin(y;r - kKxjq^co )^irc.$c 

FF\ 


FP\ and PP2 are computed as 

FP\ = cos(Ac;r - kKucsco ) 

- Xc7t cos{Kn - kXytcsCo ) 

- 2k^XxtcsCo “ ^ITCSCo )^c 

+ 2k'^XitcSCo ^OS{Kn-KXiTcSCo')^c 

- 2/c'^ sin(X yTCSCo ) cos(Xi7’C5Co ) cos(Kr;T - kX^cSCo )^c 
- 4fc^ cos^(Xi7C5'Co)sin(/t:7r -kXi7’C5Co)^c 

-4jc^ sin(X iTCSCo ) cos(X \tcsCo ) cos(k-;t - kX \tcsCo )^c 
+ 2k^ siniXifcsCo ) cos(Xj7’C5Co ) (^os{K7r -kXij-csCo )^c 
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FF2 - sin(sr;r - ) 

- K Bjq^q^ X sin(/oz- - kXyj'q^q^ ) 

- 2k Bjq^q^ X ^ C0S{K7U — ^YTcsCo ) 

- 2if ^XjjPc^Co^rc^Co^c sin(/r;zr - kX itqsco ) 

2 

+ 2k cos(K-;r - /cYj ) 

+ ^iTCSCo^TCSCo^ c Sin(^^ -^ITCSCo ) 

4 2 

- 2 /r cos (^irC5Co)^7’C5Co-^cCOS(/r;r-/c^r,7.C5Co) 

4.2 
+ 2k sm 

2k sin(Zj ) cosCZjjr.^^^^ )^tcsCo ^c sin(A:;r - kX^ tcsCo ) 

+ 8/r sin(Xi’jrQ^^^ ) cos(;Sf j )^tcsCo ^c sin(/r;r - /df, fc^Co ) 

+ Ak"^ <='^^^iX^TCSCo )^TCSCo^c - kX^j^SCo ) 

+ Ak^ ^^^^{2C^tCSCo )^TCSCo^c <^OS(k^ - kXjj^cSCo ) 

- 4k cos^ (^irC5Co )hcsCo^c cos(A:;r - ) 

3 

4k ^^TCSCo^c sin(x-;z- - ) 

+ 2k cos^ (J^ iyc^co )BtcsCo^c ^os(kk - /dTiy^c^Co ) 

2 2 

-2a: sin (^irc5Co)^7'CSCo^c cos(x-;r-x::r, 7 .c 5 ^J 
3 

+ 2«r sin(X, j-csc, ) cosCX, )B^csCoX, sm(*-^ - ) 


(E.9) 
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E.3 details of (3.21) 


Linearizing (3.12-3.15) results in 

APk = ^mo ^TCSCo ~^mo) 

+ ^ko %CSCo sin(6»;to “ ^mo) 

+ ^ko ^mo ^TCSCo sin(^/to “ 

+ ^ko ^mo ^TCSCo ~ ^mo 

-'^ko ^mo ^TCSCo -^mo)^^m (E- 1 0) 

^Qk - ^^ko ^TCSCo ^^k + ^ko ^TCSC 
~^^k ^mo ^TCSCo ~ ^ mo) 

~ ^ko ^TCSCo ~ 

~ ^ko ^mo ^TCSC ^^K^ko ~ ^mo) 

+ Efo ^mo ^TCSCo sin((9jto - ^mo 

“ ^ko ^mo ^TCSCo ^^(^ko ~ ^mo )^^m (E. 1 1) 

- ^^k ^mo ^TCSCo ~^ko) 

+ -Sj’CSCo ~^ ko ) 

^ko ^mo ^TCSCo ~^ ko ) 

+ ^ko ^ mo ^TCSCo ~^ko)^^m 

~^ko ^ mo ^TCSCo ^°^(^mo ~^ko)^^k 


(E.12) 



l^Qm = ^TCSCo + ^mo ^TCSC 
^mo ^TCSCo ~ ^ko ) 

“ ^ko ^TCSCo - dko) 

~ ho ^mo ^TCSC ~ ^ko ) 

+ ho ^mo ^TCSCo S“('^/wo “ 

~^ko ^mo ^TCSCo -^ko)^^k 


Equations (E.10-E.13) can be written in matrix form. 


m 


(E.13) 


~^k' 



^Qk 


LVk 


~ ^TCSC ^ITCSC + ^TCSC 


^Qm. 


1 

<3 


(E.14) 


It IS to be noted that Cj-^sc is obtained after substituting value of ^BfCSC from (E.7). 

Incorporation of (E.9), (E.14) and (2.30) gives DAE model of multimachine system with 

TCSC incorporated in the system. After reordering, final form of DAE model with TCSC 
is given as 


AAT 

" 

^Imod 

^Itcsc 

"^Inew 

^'inew 

hX 

^TCSC 


^Itcsc 

^TCSC 

^tcsclnew 

R 

^tcscnew 

xXtcsc 

0 



p 

^ 4tcsc 

K 

^Inew 

C 

^4new 

Aj: 

0 



^TCSC 

^\new tcsc 

^2new-tcsc \\ 

Av J 


r^i 






+ 


\AU 


(E.15) 
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Matrices Aifno^^ ^2new> Ki„^, C4„^ and are defined in Appendix 

A.2. Matrices Pucsc » Pltcsc Pitcsc null matrices. Matrices , B^cscnew > 

D\new_jcsc ^2new_tcsc reordered matrices. 

Let 


^2new ‘^3new 

B B 

tcsclnew ^tesenew 


'^2 

P 

^ Atese 


K 

^\new 

n 

^Anew 



, - 


.^1 

^TCSC_ 

J^lnewjcsc 

^2new _tcsc 


Thus from (E.12) 

^SYS-TCSC -^SYS-TCSC ^SYS-TCSC +-^rCSC (E.16) 


^TC\ ~ 


A P 

^\mod ^Xtese 


itese 


'■TCSC 


^TCl - 


where 

^rcsc=[^ 0 0 ]' 

^sys_Tcsc =^rci ~(^rc2 *0'”K^rc4))*^rc3) 
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APPENDIX F 


STATCOM MODELING 


F.l DETAILS OF (3.36) 


Equation (3.24) is rewritten as 


d . _ \ 

~^ast ~^st^ast^ 

Ul 


Substituting (3.27) in (F.l) gives 


ii; 

*/TP/ 


dt 


16V3 


ast =7 <^—r-Vdc sin(6>t + o: + ^^ )] - 


R.4 


St ‘-ast 


^st ^4/ L 


-'St 


St 


Similarly 


->'bt 


16V3, 


R^,i, 


^bst =-f-- <y—;—Vdc sin(u>t + a + - — )] - 

St ^^st 3 


d . V f IbVS Orr R r 

7,'“’ 


St 


L 


St 


and from (3.34) and (3.35) 


~V, — ^dc 16^3 . 

dt RdcCdc ^ ^ + « + ^/ ) last + sin(n>/ + a + 


2k, 


+ sin(®f+a + «,+ ),-] 


Wnting (F.2-F.4) in matrix notation yields 



'■ast 

hst 


^cst 


R 


St 


^st 


0 

0 


R 


0 
^st 

0 

Lst 


^ast 

^bst 

L'W/J 


+ 


-KKisiny 0 

0 -^isin(x-120°) 


0 


0 


0 
0 

-KKi sin(/ + 120°) 


F, 


dc 


■‘St 


0 0 


■‘St 


0 0 


■‘St 


V, 


at 

ht 


ct A 


(F.6) 


16^3 

where KK^ = a and y = Q>t-¥a + 6f 


ttL 


St 


Equation (F.6) can be written in state-space form as 


^abc ~ ‘^st^abc ^2st^dc abc 


(F.7) 


wh.QXQ Xabc^iUst kst ^cstf ’"^abc^Wat ^bt ^ctf> 


■‘^st ~ 


R 


St 


^st 

0 

0 


St 


-'St 


R 


St 


■“St A 
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^2st = 


■KKi sin/ 
0 
0 


0 


0 


- ATATj sin(/-120°) 0 

0 -A:^isin(7 + 120°)j 


^\st = 


‘-St 

0 


‘-St 

0 


^st 


Rewriting (F.5), the dc capacitor voltage can be written 


as 


Vdc 

* +sin(r + I20->„,] 


(F.8) 


where KK 2 = a 


I6V3 


TCC, 


dc 


Equations (F.7) and (F.8) are transformed 


into a synchronously rotating reference 


frame (DQO) usmg Park’s transformation. The variables are scaled and then transformed 

[79], The Park’s transformation and scaled voltages and currents in the synchronously 
rotating reference frame are given below 


T — T — ^ 


cos (at 
- sin (at 

1 

2 


cos((at - — ) 
3 

- sin(<»r - — ) 
3 

j_ 

2 


cos(<y/ + — ) 
3 

- sin(ai/ + — ) 
3 

1 


(F.9) 
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T-' -T-'tl 
-* ~ dqo 2 


coscot 

- sin cot 

1 


o 

0 

1 

• 2;7’, 

- sin{o)t ) 

1 

(F.IO) 

COS{Q)t + — ) 

- sm{cot + — ) 

1 



Scaled voltages and currents are given as 


'Vd 

^ 1 ^ 

h 



/o. 

7c. 

'h' 

1 „ 

JJ 

h 

"72 

h 

Jo. 

Jc. 


(F.ll) 


(F.12) 


In general, (F.l 1) and (F.12) can be written as 


2^ nnn r—'^ ^ abc 


■DQO- 


or 


^DQO -'^'^^abc + ^"^^abc 
Then 


-^T^abc= ^ DQO ~ ^ '^^abc ^ DQO ^ DQO 

-^TX„i,c=XoQ0-fT-'Xa20 

Pre-multiplying (F.7), following equations are obtained. 


(F.13) 


(F.14) 


(F.15) 


(F.16) 
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abc 


(F.17) 


or 






^ ^^2st '^dc^~rr1'Bu,U 

Combining (F.16) and (F.18) we get 


(F-18) 


^DQO-TT X^qo=-Lta^,TT-^X , +~TB V ^ 'TO 


i.e. 


^ DQO ^j^TA^fTT ^abc'^'^^ ^ X r''^'- ir i 


I.e. 




^DQO=^s,XDQO + tT 'x„^„+4 


DQO+^TB,,,V,,+Bi„Uoqo 


(F.19) 


where 


^DQO~UDst iQst iOstf^dUi^QQ=[V^^ 


V, 


Qt 


^Orf 


Now since 


0 0) 

O' 


KKi sin(a + (9,)' 




ll " 

-CO 0 

0 

KKi cos(a + 0f) 

. 0 0 


V2 

0_ 





0 


then (F. 1 9) becomes 
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^DQO = ^st^DQO + 


0 (y 0 

■CO 0 0 

0 0 0 
KK^ sin(a + ^;) 

7 ! 

KKi cosipc-vO^) 


X 


DQO 


0 


^dc +•®ls^ ^DQO 


Writing DQ components of STATCOM currents from (F.20) 


R^t . . 1 T/ KK^^mia + Ot)^^ 

hst = +(OlQst ^ ^dc 


■'St 


R,t . . It., i^iCOs(a + 0;)^^ 

iQs, =- 7 ^' 2 ^' ^ 4i 


Using (F.12), dc capacitor voltage (F.8) can be written as 


ydc=- 


Vdc JKK.r, 


Rdc^dc ^ 


[sin(a + et)i “ cos(a + 9^ ) ] 


Writing (F.21-F.23) in matrix notation 


(F.20) 

(F.21) 

(F.22) 

(F.23) 
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^st 


hst 


Lst 


^Qst 

= 

-CO 


Vdc 


3KK^ 


1 

^ sm{a^ 6^) - 


r 1 ' 



— 00 



T 

^st 



CO 


R 


St 


L 


3KKn 


St 


0 

0 


0 0 


Qt 

Loj 


KK^ sin(c!r + (9,)l 

72 

KK^ cos(a + 0^) 


72 

I 


^dcCdc 


‘Dst 

^Qst 

O'dc 


(F-24) 


e quantmes m (F.24) are actual values and must be converted in a common per 

™ b^e. Equauon (F.24) involves an ac system and a do system. The ac side quanhties 

defined on ac system MVA base and ac transmission line kV base. The dc side 
quantities are defined as [85, 1 1 ]. 




Thus on normalization, (F.24) becomes 
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hst 

^Qst 

Vdc 


(oR 


St 


X 


St 

CO 


CO 


coR 


o)sm.{a + 9^) 


St 


X 


St 


+ 


CO 


X 


St 


0 

0 


^ 0 
0 0 


V: 


Dt 




Qt 

0 


where X^t =a)Lst and = 


(oC 


dc 


X 


St 


<ycos(a + ^,) 


3tyJf^^sin(a + 6',) -'icoX 
0 0 


ooX 


dc 


R 


dc 


In DAE multimachine model, the bus voltages are defined as 


^Dst 


^Qst 




dc 


(F.25) 


yDI+J>'QI=''i‘^^‘ =»^(cos«,+ysmS;) (F.26) 

In multimachine model without any FACTS device, the states are machine states 
and variables are voltages and associated angles at various buses. In order to incorporate 
STATCOM model in multimachine system, the STATCOM model must be defined on 
the same lines, i.e., D and Q components of the bus voltage where the STATCOM is 
connected should be expressed in terms of voltage magnitude and associated angle. 

Using (F.26), (F.25) can be written as 
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1— 


coRst 

CO 

cos\ria + 9^) 


^Dst 

^Qst 

= 

^ St 

-CO 

coR^t 

^St~~ 

CO cos(a + ^, ) 

^Dst 

U_ 


'icoX 6^) 

^St 

-'icoX ^^cos{a-^6^) 

-^^dc 

'Qst 

.^dc J 




1 



+ 


CO 


X 


0 0 


St 


0—0 
0 0 0 


Vf cos 9 I 
Vi sin 9( 
0 


J 


(F.27) 


Here V, and e, denotes voltage and associated angle of the bus where STATCOM 
connected. 

Equation (F.27) can be rewritten as 


IS 




X 


SI y\ 


n ^dc 

^dc 


(F.28) 

(F.29) 

(F.30) 


Now in order to get state-space model of the STATCOM tF or f lAr 
linearized. The linearization results in ’ ^ 


“ X„ “’dc-— T;*„cos(a: +A )Aa 

^St 


CO 

.^cos< 7,,AK, -^K,„sin.,, a., 

-^St 


(F.3I) 
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coR 


^^Qst = 


St 


o)cos{a^+e^^) 


St 


s' A„ 


0) 


X 


St 


Vdco sinC^o +-^sin^,^ +^^to (F-32) 

^st 


SVdc = sin(«o +^to)^hst +3^y^rfe'^irocos(«o +^/o)^« 

+ 3coXdc iDsto cosC^o + ^to - ^(dXdc cos(ao + K)^iQst 
+ Zco X dc ^Qsto sin(Q;|j + 0 ^^ ) Aa + 7>co X^^ ^Qsto ^to 

dJ^dc 


R 


-AK 


dc 


dc 


(F.33) 


Writing (F.3 1-F.33) in matrix notation 


^^Dst 

SiQst 

^Vdc 


+ 


^^st 

0) 

osin(a^+^^^) 


^st 



'^hst' 



fi)cos(ao+^to) 

^^Qst 

-0) 

Xst 


icSin(ao+^/o) 

-3n)Z^^cos(a^+0^o) 

d^^dc 

^dc 

1 

.^dc. 


6) 

^st 

CO 


X 


Vdco^°<(^o^^to) 

^dcQ sinK+^/o) 


St 


1)0) X \}Dsto ^ ^to ) ^Qsto ^ ^to 


[Aa] 


+ 


— ^dco ^^<^0 + ^ to) ^to 


0 ) 


•XT UL>u '■ u ' \r 

^st -^st 

— ^dco sin(«o + ^fo ) + ^ ^to 9. 


to 


X 


cos 9, 


to 


St 

CO 


to 


sin 9 


X ^ St 

3o,Xj,lla„oOos(a„ +«„) + i2«(,sm(a„ +«,<,)] » 


to 


A0t 

AVt 


(F.34) 


In compact form (F.34) can be written as 
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^stcom - hstcom ^stcom + ^Istcom^ ^ + ^ 3 stcom 

where 


^^stcom^Wost ^iQst ^VdJ, ^V,t==[^0, AFJ' 


■'\stcom “ 


coR 


St 


Xst 

-CO 


CO 


coR 


St 


X 


St 


_^sm(ao+ 0 ia) 

cocosja^ + 0 ,^) 
X 


^dc sin((2r^ +^to) ~ 3(2> X^^ cos(Qr^ + 0^^ ) 


• St 

coX 


dc 


R 


dc 


■‘ 2 stcom ~ 


-—Vdco<^os{ao+ 0 to) 

^ St 
CO 

~-^ydco^Mao^ 0 to) 

^ St 

^^^dclhsto cosCoTo + ) + iQsto sin(ao + )] 


^ 3 stcom 


CO ^ 

• j-frfcoCosK +e,„)-~v,„sme,„ 

St 

CO ^ /?> 

~X + ^/o ) + Vfo cos 6 ^^ 

-^st 


~OOS 0 to 
^ St 
^ 

—sin ( 9/0 

St 


3 co X^^ cosia^ + 0 to) + iQsto sin(ao + ^to )] 0 


(F. 35 ) 
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F.2 details of (3.46) 


Simplifying (3.45) 


P -h 7 O zz: 1/ 

^ stcom ^ J ^stcom ^ ^ 


or 


P^tcom J Q. 


stcom ^ J ^ stcom ^ t 








^st-j^st 
The above equation can be simplified as 


^stcom jQstcom 


v,v„e-i‘‘-v; 

^st ~ St 


(F.36) 


Now the ac side voltage Vst of STATCOM is related to dc link capacitor voltage 
Vdc by the relationship V^t = K^t V^c 


n:-j2 


where = — — and turns ratio cr = 


J_ 

V3 


Equation (F.36) can be written as 


^ stcom JQstcom 


l.e., 


y,Ks,ydc<=~“‘ 

^st ~ J^ St 


^ stcom '^JQstcom 


^t ^St ^dc (cos or - ysino)-!^ 


^st J^ St 
The above equation can be written as 
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^stcom jQstcom 


_ VtKstVdc <^o^o^-jytKstVdc sing - )fe + jX ,, ) 


Rl^jxl 


^t^st ^dc^st ^ J^t ^st ^ dc^si ^ 

1 2 

^stcom '^jQstcom 2 2 i ^st J^t^st^dc^ St 

Ri+jXl 

1+ ^St ^dc sin a - jX^^ V; 


(F.37) 


Separating real and imaginary parts 


^stcom - 2 .^2 yt^st^dc^st ^si -^stK^st^dc 

^st ■*■ JXst 


(F.38) 


Qstcom 2 .y2 \ sina + F^i^^,F^^y^^, cosa-Zy,)/,^ 

^St + J-^ St 


(F.39) 


Linearization of the above two equations results in 


^stVdco cosor^ AF^ + cosa^AV^^ ^ 

Ap _ 1 -^stVto^dcoS^n(^o^^-^KnR.AK 

^stcom 2 ! Y 

^st J^st ^st ^ St ^dco sin A F^ + X sin A F^^ 

1+ ^st^st ^to^dco cosa^ Aa ^ 

“ ^st^st^dco sina^AF, - sina^AF^^ 

AQstcom = — 2 ~ 

^St +j^l +^stVto ^^^^o^Vdc-Kst^stVtnVHrn sivta^Aa 


,-2Z,,F,,AF, 


(F.40) 


(F.41) 


In matrix notation (F.40) and (F.41) can be written 
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^stcom 

1 

J^Q stcom ^ 

-^jx^t - 


0 0 

0 0 -^AtVto^'^^a^+K^^X^tV^^cosa^ 


^Dst 

^Qst 


+ 


rI+jxI 


^st^st^to^dco + ^st^st^to^dco 
■ ^st^st^to^dco cosa^ - sina^ 


[Aa] 


+ 


rI +jXl 


^st ^st ^dco ^0 ^^to 
^ St ^st^dco 


St 


0 ^ St ^st ^dco ^o 

^st^st^dco ^^^^0 '^^st^to 


AVt 


(R42) 


In compact form this is written as 


AP 

^ stcom 
^Qstcom J 




(R43) 


where 

^^stat Dst ^Qst 

AVst=[A0t AVtf 


N 


\new 


Rl+jxl 


^st^st^to cosq;^, + XgfX sinap 
— K^fR^(VfQ sinoTg + K^^X^^V^q coscCq ^ 


iV3 = 


iV2 = 


- K^tRstytoVdco sinao + KstX,iVtoVdoo cosa^ 


rI*jxI 


1 


- K,tR,tVt^Vdco cosao " X^fX stVtoydco sin«o J 

KstRstVdco cosao - '^Vto^st 

^ X^(X ^fV^i^QSxxidQ 


Kt + JXtt 


-XstRstydco^^^(^o 
+ K^jX coscCg — 2X 


Again from (3.41) 



Therefore (F.43) can be written as 


^\new ^stat ^3 ^onst ^stat + "^2 ^ 
i.e., 

~ ^\mod ^stat '^^2 

where 


AP 

^stcom 
St com 


^^stcom 

J^Qstcom 


(F.44) 


^\mod - ^Inew -^3 


F.3 Details of (3.51) 

Equation (3.51) is rewritten as 


AX 


AX 


stat 


0 

0 


*lmod 
^Istat ^ 


Istat 


^2new 


stnew 


B 


K, 


3stat 






^3new 


statlnew ^statnew 

JC 

^Inew ^_4new 
Imod ^lnew_stat ^2new stat 


+ 


E 

0 

0 

0 


AU 


AX 

^stat 

Az 

Av 


(F.45) 


In (F.45), the dimensions of various 
system chosen. Matrices -^imod^ 


atrices are not fixed and will depend on the type of 
■^2new^ ^3new> -S' 2 , are 
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defined in Appendix A.2. Matrices Pi^tat , Pistat matrices. Matrices 

B stall new’ Bstatnew’ I>2«ew_siai are reordered matrices. 

Let 



The state equation of the system with STATCOM can be written as 

^ sys_statcom ~ ■^sys_statcom ^ sysjtatcom ^stat 
where 


(F.46) 


A^jtctcom = ri - (1-2 * (i"v(J-4)) ’Ti) mi 

^sys_stat 


245 



APPENDIX G 

SSSC MODELING 


G.l DETAILS OF (3.68) 


Equation (G.l) is obtained on the same lines as (F.24) 


^Dsc 

^Qsc 

^dcsc 


CoR 


sc 


X 


CO 


sc 

CO 


coR 


sc 


X 


sc 








f 


(D 


X 


sc 


0 

0 


CO 

0 


where =o)L^^ and Z 


0 
0 

■ dcsc 


Disc 

^Qtsc 

0 


1 


cysin 6 


f 


X 


sc 


CO cos 0 


f 


Xsc 

coX 


R 


dcsc 


^ ^ dcsc 

In DAE multimachine model, the bus voltages are defined 


as 


dcsc 


‘Dsc 

^Qsc 

^dcsc 


(G.l) 


'z)/+y^g,=»^e^'’' =f;.(cos«,+;sine,) - 

In order to incorporate SSSC model in mnltimachine system, SSSC model must 
be defined on flte same lines, i.e., D and Q components of the sending and receiving end 
voltages should be expressed in terms of magnitude and associated angle. Sending and 
receiving end are two ends between which SSSC is connected. 

Using (G.2), (G.l) can be written as 
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^Dsc 
^Qsc 
^dcsc , 


coR 


sc 


0)sin9 


X 


sc 


-CO 


CO 

coR 


f 


X 


sc 


sc 


coco%9 


f 


X 


sc 


3(0 X sin 9j' 3(o X cos 9 j' 


^sc 

coX 


dcsc 


+ 


R 


dcsc 


^Dsc 

^Qsc 

^dcsc 


CO 

0 

0 




0 

0 

0 

Xsc 

[v 

^ ssc 

cos^^ 


^sc 




0 

CO 

0, 

V 

sin0. 



0 

CO 

0 

^sc 

ssc 

s 

0 


^sc 

0 

0 

0 

- 


0 

0 

0 







- 


. 


Ksc COS^r 
Vrsc 


(G.3) 


where aJ"® magnitudes of sending end and receiving end voltages 

respectively, 0^ and $,. are angles associated with sending and receiving end 
respectively. 

Equation (G.3) can be rewritten as 


wR (DsmOf 

hsc - 'Y^^Dsc ^Qsc ^tfcsc +■ 


CO 




‘SC 


sc 


^ sc 


(O 


X 


■Vrsc COS^;. 


sc 


(G.4) 


coR 




Qsc 


^ '■Dsc 
(O 


SC 


cocos 6 


jr 




SC 


dcsc^^^'ssc 
sc 


X 


Vrsc sin^^ 


SC 


(G.5) 


(oX 


dcsc 


Vdcsc = 3^y Sin^^ hsc-'^^^dcsc —^^dcsc 


(G.6) 


Linearizing (G.4-G.6) 
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cosine f 


CO 


X 


sc 


^ ^ ^dcsc Y ^ ^dcsco 


+— cos^..AF_ — _^cos^,^AF. 


X 


SO^' ssc 


sc 

CO 


X 


'so" 


sc 


X 


'ro"~^^ rsc 


sc 


X 


^rsco ^ro ^ ^r 


sc 


(G.7) 


^^Qsc ^^^Dsc~ 


CoR 


sc 


X 


^^Qsc+- 


CO COS 9 


sc 


. J , CO 

^ dcsc ^ ^dcsco^^^^ fo^^ f 


+ — sin^..AF_ cosi9,^A^, -^sin^..AF_ 




'SO^' SSC 


sc 

CO 


X 


sc 


X 


'ro"^' rsc 


sc 


X 


^rsco 


sc 


(G.8) 


^^dcsc - '^^^dcsc^^^^fo^iDsc+^(^^dcschsco ^OSdfo^Of -^COXj^^^, 


coX„ 


+ 3 ^^dcsc^Qsco sin ^fo^0f — ^ 


dcsc 


dcsc 


(G.9) 


Equations (G.7-G.9) can be written in matrix notation 


as 


^sc - M\ssc ^SC + M2ssc + M^ssc 


(GAO) 


where 


^sc=[^iDsc Sig,, AVd,,,f 
Ayssc=[S9, AV,,, AO, AF,,J* 


^\ssc 


^ ^sc 
Xsc 

-CO 


^coX^^smOf^ 


CO 

— ^ 

^sc 

-^(^Xdc COS0y^^ 


^ 

^ sc 

^ ^ dcsc 
^dcsc 
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^2. 


ssc 


0 ) 

~ ^ dcsco 6 j'q 

^ sc 


Q) 


y ‘ ^ dcsco ^ fo 
A 


yi 5C 

^^^dc Q Dsco 9 f^ + sin 9 ) 


^3ssc 


CO 


X^ 

CO 


V sin /9 
^ ssco ^ so 


sc 




CO 


X 


^ssco ^ ^so 


•sc 

CO 


sc 


-sin^-„ 


^ sc 


( 

"x 


^rsco sin0;-o 


0 


sc 

CO 

sc 


CO 


X 


cos 6 


ro 


^rsco ro 


sc 

CO 


X 


sin^. 


ro 


sc 


Equation (G.IO) represents state-space model of SSSC without controller. 


G.2 DETAILS OF (3.78) 

The SSSC is a series device. The complex power given by the SSSC to the system 
at any end can be written as 


S = VT* (G.ll) 

where 5 is complex power. V is complex voltage of the bus (sending or receiving) and 

i is current flowing through the transmission line (direction of current is reverse when 
computing complex power for receiving end). 


The power given by SSSC at the sending is given as 


p + iO =V T 

ssc ^ J^ssc ' ssc sc 


(G.ll) 
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where and fc^aie die real and reactive power at the sending end bus. 

sending end complex voltage and H is the current flowing through SSSC. t is the line 

current. 

Equation (G.12) is equivalent to 


^ssc jQssc ~ ^ssc^ 


J^s 


^ssc^ 


J^S e-'^r - 

^ rsc^ 5C 


^scl + j^scl 


(G.13) 


where ^rsc Vsc are the sending end, receiving end and injected voltage 

magnitudes respectively and and Of are the angles associated with the sending 

end, receiving end and injected voltage respectively, /?,«,/ and are the composite 

resistance and reactance of the line and SSSC together. 

The above equation is simplified as 




^ssc^ 


-Ps -Vrsc<^-j^r 


R^cl scl 


or 


^SSC jQsSC 


V2 V e 
^ ssc ^ ssc rsc^ 


^ SSC SV^' 




or 


^SSC jQssc 


-K V e 
^ ssc ^ ssc^ r$c^ 


j(^s ) _ y y ^ 


S.S'C sc 


^ sc! ^ 


•> 1 
Kcl + ‘^ki 


(G.14) 


Since R^ri is very small, it is neglected. Equation (G. 1 4) then can be expanded as 
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Pssc jQssc 


^ssc ^ssc ^rsc + j sin(^^ - 0 ^ )] 

"" ^ssc Vsc[cos(0s~0f) + j sin(^^ - 9 f )] 


(j^scl) 


^scl 


or 


^SSC jQssc 


^ssc ^ssc^rsc ) ”~ J^ssc^rsc sin(^^ ) 

[_“" ^ssc^sc -6 f)- sin(^^ -6 j) 


UXscl) 


y ^ 

^ scl 


or 


^SSC jQssc 


j^ssc j^ssc^rsc ^ssc^rsc *” ) 

;^j^sscKc “^/) 




scl 


(G.15) 


Equating real and imaginary parts of (G.15) 


P = 

^ssc 


-e,) + F,„r„sin(«, -6^)] 


^ scl 


(G.16) 


Qssc 


vie - VsseVrse OOS(0s -^/) 


"scl 


(G.17) 


The relationship between injected ac voltage magnitude and the dc link 
voltage of the capacitor of SSSC is given as Vse ~ ^sc Vdese 


where K^n = —4= and turns ratio // = 


n: 


42 


43 


Equations (G.18) and (G.19) are rewritten as 

-Of)] 

'^SSC Y 

^ scl 


(G.18) 
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^ _Ksc Ksc^rsc ^ssc^sc^dcsc ~ ^ f ) 

^ssc - 

^scl 


(G.19) 


Linearization of (G. 1 8) and (G. 1 9) yields 


^ssc = 


X 


scl 


^rsco -^ro)^Vssc + ^SSCO -^ro)^Ksc 

+ KscoKsco COS((^jo - y^sco^rsco -^ro)^^r 

^SC ^dcsco ~ ^fo 

■*■ ^sc^ssco fo)^^di 

^sc^ssco^dcsco ~ ^ fo 

~ ^sc^ssco^dcsco ~ ^ fo 


ssc 


dcsc 


(G.20) 


^Qssc = 


X 


scl 


^Ksco^Ksc 

~ Ksco ~^ro)^^ssc ~ Ksco 

+ KscoKsco Sin(^^c) - ^ro)^^s 
- KscoKsco sin(^^o - ^ro)^0r 

-K^y, 


so ^ro 


Ko)i^K 


rsc 


so ''ro' 

sydcsco^os{e^^-ef^)AV^, 

^sc^ssco<^OS(0^o-^fo)^Vcic. 

■*■ ^scKsco^dcsco 

~ ^sc^ssco ^dcsco -9fQ)A9j- 


ssc 


dcsc 


Equations (G.20) and (G.21) are written 


m matrix notation as 


(G.21) 


AP. 


SSC 




ssc 


=.4A«nAAf„+a,^, 


AK. 


SSC 


(G.22) 


where 


AMAT\ = 


X 


scl 


^ ^ ^scKscoM^so-^fo) 
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sc ^^Qsc ^^dcsc^ 

\ “ ^ sc ^ssco ^dcsco so ^ /b ) 

Bsc\ = 

^ scl ^sc^ssco^dcsco^^^iPso fo^ 

^ 1 C^^(l^3) C^^{\y4) 

^ scl C^^(2,l) C^^{2^2) C^^(2^3) C^^(2,4) 

Csc (1’^) “ Ksco^rsco ~ ) + ^sc^ssco^dcsco ^^K^so ’’^fo) 

C sc (1?2) — sin(^^^ — 6j,q ) + sin(^^Q — Ojq ) 

CscO-^^) ” ‘^^ssco^rsco ^^K(^so “^ro) 

Csc (1?4) — Vssco “ ^ro ) 


Q,(2,l) ■” ^ssco^rsco ^ro ) ^sc^ssco^dcsco ^ fo ) 

C^c (252) — “” ^ro) “" ^sc^dcsco ■“ ^/o) 


C,(23) = -F, 


ssco^ rsco 


sin(^^^ 6j.q ) 


^sc (^5^) ^ssco ^ro ) 


AF,5, A«r AF,,,]‘ 


The power delivered by the SSSC at the receiving end is given as 
Prsc*jQrsc—yncXc (G-23) 

where “‘i Qrsc^^ '•'e real and reactive power at the receiving end bus, is 

receiving end complex voltage and is the current flowing through SSSC, which is 
also the line current. The above equation can be rewritten as 

(G.24) 


P + iO =V 
^ rsc ^ J ^rsc rsc^ 


V e^^’' +V 
y fsc^ ^ ^ sc^ 


^scl +j^sd 
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where and V^c are the sending end, receiving end and injected voltage 

magnitudes respectively and and are the angles associated with the sending 

end, receiving end and injected voltage respectively. 

Simplifying (G.26) results in 


^rsc jQrsc ^rsc^ 


jOr 


T/ n M 1/ P f __ T/ p 

^rsc^ ^ssc^ 

^scl scl 


J^s 


or 


^rsc JQrsc 


^rsc rsc^SC^ rsc ; ^ .vay: 


rsc ssc 


or 


^rsc JQrsc 


4 . 1 / V e 
^ rsc ^ ^ rsc’^ sc^ 


^scl J’^scl 


rsc ssc 


(Sgcl ^ J'^scl) 




(G.25) 


Neglecting (G-25) can be modified and expanded as 


^rsc JQrsc 


^rsc ^rsc V^c [cos((9^ -df) + j s\n{9r - Of)] 

^r5c^jjc[cos(^^ -9,)^js\n{9^ -0,)] 


scl) 


xl 


scl 


or 


^rsc jQrsc ““ 


^rsc ^rsc cos(9, -9f) + yy,,,. smi9, -Of) 

~ ^rsc^ssc COS(0^ —Os) — J ^rsc ^xsc sin(^^ — Os) 


(jXscl ) 




or 
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^ 'SC jQrsc 


J^rsc j^rsc^sc^^^i^r f)-Vrsc^sc^^^i^r ~^f) 

r J ^rsc ^ssc 00s(^r ~ ^5 ) + Ksc ^ssc “< 9 ^) 


U^scl) 


X 


scl 


(G.26) 


Equating real and imaginary parts of (G.26) the following equations are obtained 


P = 

^ rsc 


[-V^J^sc^r -^f) + Ksc^ssc^^^(0r -^.)] 


Z 


scl 


(G.27) 


Qrsc 


^rsc ^rsc^ sc ^ f ) ^rsc^ssc ^ 5 ) 




scl 


(G.28) 


Using ^dcsc 

where = —4= and u = -4=^ 

7t42 S 


rsc 


[ ^rsc^sc^dcsc^^^^^r ^ 


(G.29) 


Qrsc 


Vic+VrscKscVdcsc^^<^ -ef)-v,,,v,,c^os{9,-e,) 


^ scl 


(G.30) 


Linearizing (G.29) and (G.30) the following equations are obtained 


^rsc = 


X 


scl 


^ sc ^dcsco ^fo ^rsc 

-^sc^rsco sin(^ro -^fo)^^dcsc 

-^sc^rsco^dcscoOO<^ro-^/om 

■^Ks,V,scoVdcsco^^s{e,,-ef,)h9f 

+ ^ssco ~^so)^^rsc ^rsco si^C^ro 

+ VrscoVssco^^<^ro -^so)^^r -VrscoKsco^°<^ro -^so)^^s 


ssc 


(G.31) 
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^Qrsc = 


X 


scl 


rsc 


acsc 


2V AV 

rsco^’^ rsc 

^sc ^dcsco ~ ^fo 

^sc^rsco cos(^„ -e/„)AF^, 

— ^sc^rsco^dcsco “ 9 

^sc^rsco^dcsco ^ fa) f 

- COS(^^^ - ^so)^Ksc - ^rsco 


ssco 


ro 


^so)^K 


ssc 


^rsco Ksco ^so )^^r ^rsco ^ssco ~ ^so 


(G.32) 


Equations (G.31) and (G.32) are written in matrix notation as 


AP. 


rsc 


Aa 


rsc 


= AMAT2 AF„, 


(G.33) 


where 


AMAT2 = 


X 


scl 


^ sc^ rsco ro ~ ^ fo) 

0 0 ^ sc^ rsco ro ~ ^ fo) 


^sc [Ai£)jc ^^Qsc ^^dcscf 


^sc2 ~' 


1 


C = 
^rc 


^ scl 
1 


^sc^rsco ^dcscQ fo) 

L ^sc^rsco ^dcsco fo) 

C/-c(U) C^^(l,2) Crc(l,3) C^c0»4) 

LQc(2j1) C^c(2,2) C^^(2,3) C^c(2,4) 


^ scl 

^rcOsO ~ ~^rsco^ ssco ^^^iPro ~ ^50) 

^rc (^> 2 ) = sin{6f.Q — 6 ^q ) 

c„ ( 1 , 3 ) = cos(«,„ -ef„)+ r„„ F,„„ cos(^,„ - e,^ ) 

Cre(I,4) ~^/o) + ^'sscoSm(^„ -^so) 

^/•c (2jl) = ~^rsco^ssco - 9 ^^ ) 

Crci^’^) = ~^rsco ^^K^ro ~^so) 

C„ (2.3) = sin(«,„ -ef^)+ sin(S„ - ) 
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CrcO-^^) ~ ^^rsco + ^sc^dcsco ~^/o)~Ksco ~^so) 

AF^5C~t^^^ ^^ssc 


Equations (G.22) and (G.33) are the required power equations of SSSC. In order 
to incorporate these equations in mutlimachine model, these equations are modified as 


A?. 


ssc 


AQ 


ssc J 


SSCJ AX„„+B,„, AF„, 


AP. 


rsc 


AQ 


rsc 


= SSC_2 S0f+C^^ 


where SSC _ 1 = [AMA T\ 0] and SSC _2 = [AMAT2 0] 


Eliminating dj- using (3.79) ,i.e., ABf=-K onssc S^sssc 
rewritten as 


(G.34) 

(G.35) 


, (G.34) can be 


AP. 


ssc 


AQ 


ssc 




or 


AP. 


ssc 


SQ. 


ssc 


..45S5C1 AX^^^c+C^c ^^ssc 


where = SSC _ 1 - B^^l ^ onssc 

In a similar way the (G.35) is written as 


(G.36) 


AP„c 

Aa.c 


= 55'C_2 AX,,,,-B,,2 


^ onssc SSSC ^rc 


SVssc 
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^rsc 

^Qrsc 


= Asssc2 


^Vssc 


(G.37) 


where Assscl = SSC _2- B^(.2 ^omsc • Combining (G.36) and (G.37) the following is 
obtained 


AP. 


SSC 


Aa 

AP. 


SSC 


rsc 


Aa 


rsc 


- A^ sssc ^ 


sssc 2 ^Ksc 


(G.38) 


When SSSC is connected in the system between specified load buses, (2.15) and 
(2. 1 6) get modified as shown below 


^sssci ^k ^ik')~^ i — JTl + \, ,rt (G.39) 

A=1 


Qsssci Qu^i^ ^k ^ik)~^ 

k=\ 


i = m+\, ,n (G.40) 


Equation (G.41) is obtained after linearzation of (G.39) and (G.40) on the same lines as 
done before 


^sssc2 -new ^^ssc '^■^SSSCl ^sssc + ^2 ~ ^ 

where ^5.55^2 _ new incorporates and has same dimension as D2 . is a part 

of Vf . Above equation is rewritten as 

^sssc +-^1 AF^ AF^ =0 (G.41) 

where 2^2 jj 5 c ~ ^sj 5 c 2 new + ^2 
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G.3 DETAILS OF (3.80) 


Equations (G.IO) and (G.41) are added to (2.30) and then reordered to get final 

form as 


AA 


^Imod 

p 

^2new 

^3new 

AX 

^^sssc 


A 

X 2sssc ^ssscnew 

D 

-^sssclnew 

R 

^ssscnew 

^sssc 

0 


K2 

p 

3sssc 

jr 

^AneMf 

Az 

0 



A 

^ssscl 

^\new_sssc 

^Inew SSSC 

Av 


+ 


E 

0 

0 

0 


MJ 


(G.42) 


In (G.42) dimensions of various matrices are not fixed and will depend on the 
type of system chosen. Matrices ^\mod’ ^l.new'> ^lnew> ^4nsw 

are defined in Appendix A Sec. A.2. Matrices Pisssc> ^Ssssc 


matrices. Matrices Esssclnew > ^ssscnew » ^\new_sssc ^2new_sssc reordered 
matrices. Let 


^SSCl 


^SSC3 - 


Hmod 




2sssc 


"^ssscnew , 


K, 


^3sssc 


'S'5C2 


^SSC4 


^2new 

^3new 

u 

,^sssc\new 

^ssscnew_ 

K 

^Inew 

n 

^ Anew 

^\new_sssc 

^2new_sssc 


The state equation of the system with SSSC can be wntten as 
sys_sssc ~ '^sys_sssc sys_sssc ^ssc 

where 


(G.43) 
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'^sys_sssc 


- ^ SSCl ~ SSC2 * 0^'^(TsSC4 )) * ^SSC3 ) 


'' sys_sssc 


[AAT aa:,„,]' 
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APPENDIX H 


INCORPORATION OF MULTIPLE FACTS DEVICES 

H.l DETAILS OF (3.81) 

Equation (3 . 8 1 ) is given as 


AA 


^Imod 

^Isvc. 

^Itcsc 

^2new 

^3new 

AA 

AXsyc 


^Isvc 

^SVC 

^Isvtc 

Bsvclnew 

Bsvcnew 

AXsvc 

^TCSC 

= 

^Itcsc 

^Isvtc 

^TCSC 

Btcsclnew 

Btcscnew 

^TCSC 

0 


Ki 

Pasvc 

^4tcsc 

^Inew 

^4new 

0 

0 



^SVC 

^TCSC 

^Inewsvtc 

^Inewsvtc _ 

0 


+ 


E 

0 

0 

0 

0 


MJ 


(H.1) 


Matrices ■^Xmod^ ’ ■^2’ ^\new> ^Answ defined in 

Appendix A Sec. A.2. Matrices E\svc’ ^7,svc’ ^4svc> ^itcsc’ ^2tcsc’ ■P^^csc’ ^Isvtc^ 
^2svtc null matrices. Matrices ^svcnew^ ^tcsclnew » ^tcscnew ’ ^Inewsvtc 

and D2newsvtc reordered matrices. 


Let the following matrices be defined as 
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^Imod ^Isvc ^Itcsc 

^SVTCl ^Isvc ^SVC P\svtc 

_ ^Itcsc ^2svtc ^TCSC ^ 

^2new ^3new 

^SVTCZ ” SsVC\ft€W BsVC)7€‘W 

BtcscXnew Btcscnew 

^2 ^4svc ^4tcsc 

^SVTC3 = 

Gi Dsvc ^TCSC. 

^Inew ^4new 

^SVTC4 = 

J^Xnewsvtc ^Inewsvtc _ 

Equation (H. 1) can then be written as 

^SVTC -^SVTC ^SVTC ^^SVTC (H.2) 

where 

Esvtc = [i? 0 0 0 0]^ 

^SVTC =^SVTC\ ~i^SVTC2* ii^^{^SVTC4)y ^SVTCZ) 
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APPENDIX I 

SYSTEM DATA FOR 6-BUS SYSTEM 
BaseMVA 100 MVA 
Machine Data 


Parameters 

M/C 1 

M/C 2 

//(sec) 

54.0 

23.640 

Xdipu) 

0.20 

0.1460 

X'dipu) 

0.033 

0.0608 

Xqipu) 

0.190 

0.0969 

X’qipu) 

0.061 

0.0969 

Tdoi^^c) 

8.0 

8.96 

Tqoi^^o) 

0.050 

0.3100 


Exciter Data 


Parameters 

Exciter 1 

Exciter 2 

Ka 

20.0 

20.0 

r^(sec) 

0.20 

0.20 

Ke 

1.0 

1.0 

Te 

0.314 

HEbEHI 

Kf 

0.063 


Tf 

0.35 

0.35 

Rs 

0 

0 

^ex 

0.0039 

0.0039 

^ex 

1.555 

1.555 


and are saturation constants. 
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Line data 


Line 

number 

Bus 

HHBSSSSSHil 

From 

To 

R(pu) 

X(pu) 

1 

1 

6 

0.1020 

0.4130 

2 

1 

4 

0.1100 


— 

3 

4 

6 

0.1200 

HS^l 

4 

6 

5 

0.1900 

0.8200 

5 

2 

5 

0.3680 

1.4900 

6 

2 

3 

0.1150 

0.5100 

7 

3 

4 

0.0800 

0.3600 


Load flow result at base case 


Bus 

Type 

Angles 

(degree) 

Voltages 

(pu) 

PL 

(pu) 

mmm 

■ggM 

■BgM 

QG 

(pu) 

1 

SL 

0 


0 

0 



2 

PV 

-1.9496 

1.0000 

0 

0 

0.4000 


3 

PO 

-9.9409 

0.9306 

0.3800 

0.0500 

0 


4 

PQ 

-7.2330 

0.9419 

0.1000 

0.0200 

0 


5 

PQ 

-12.7897 

0.8883 

0.2000 

0.0500 

0 


6 

PQ 

-8.4689 

0.9298 



0 



LFIs at base case loading condition (6-bus system) 


Line 

number 

From 

bus 

To 

bus 

LFISP 

LFISQ 

LFIRP 

LFIRQ 

1 

1 

6 

0.1406, 

0.1677 

-0.1687 

-0.0951 

2 

1 

4 

0.1130 

0.1407 

-0.1310 

-0.0878 

3 

4 

6 

0.0214 

0.0306 

-0.0221 

-0.0294 

4 

6 

5 

0.0716 

0.1131 

-0.0798 

-0.0990 

5 

2 

5 

0.1763 

0.2989 

-0.2337 

-0.2113 

6 

2 

3 

0.1223 

0.1787 

-0.1456 


7 

3 

4 

-0.0431 

-0.0014 

0.0416 

0.0103 
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APPENDIX J 

SYSTEM DATA FOR WSCC 3-MACHINES, 9-BUS SYSTEM 

Base MVA 1 00 MVA 
Machine Data 


Parameters 

M/Cl 

M/C 2 

M/C 3 

//(sec) 

23.6400 

6.4000 

3.0100 

Xdipu) 

0.14600 

0.8958 

1.3125 

X'dipu) 

0.06080 

0.1198 

0.1813 

X,(pu) 

0.09690 

0.8645 

1.2578 

X',(pu) 

0.09690 

0.1969 

0.2500 

Tdoi^Qc) 

8.96000 

6.0000 

5.8900 


0.31000 

0.5350 

0.6000 


Exciter Data 


Parameters 

Exciter 1 

Exciter 2 


Ka 

20.0 

20.0 

20.0 

r^(sec) 

0.20 

0.20 

0.20 

Ke 

1.0 

1.0 

1.0 

Te 

0.314 

0.314 

0.314 

Kf 

0.063 

0.063 

0.063 

Tf ^ 

0.35 

0.35 

0.35 

Rs 

0 

0 



0.0039 

0.0039 

0.0039 

Rex 

1.555 

1.555 

1.555 
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Line data 



Bus 

Impedance || 


To 



Y/2 (p.u) 

1 

2 

7 

0 

0.0625 

0 

2 

1 



0.0576 

0 

3 

3 

9 

IBEiH 

0.0586 

0 

4 

4 

6 

0.0170 

0.0920 

0.0790 

5 

4 

5 


0.0850 

0.0880 

6 

5 

7 


0.1610 


7 

6 

9 

0.0390 

0.1700 

■Hi 

8 

9 

8 

0.0119 

0.1008 

0.1045 

9 

8 

7 

0.0085 

0.0720 

0.0745 


Load Flow Result for Base Case of WSCC Nine Bus System 


Bus 

msm 

BSSi 


PL 

QL 

PG 

QG 

1 

SL 

0 

1.0400 

0 

0 

0.7164 

0.2705 


PV 

9.2800 

1.0250 

0 

0 

1.6300 

0.0665 

3 

PV 

4.6648 

1.0250 

0 

0 

0.8500 

-0.1086 

4 

PQ 

-2.2168 

1.0258 

0 

0 

0 

0 

5 

PQ 

-3.9888 

0.9956 

1.2500 

0.5000 

0 

0 

6 

PQ 

-3.6874 

1.0127 

0.9000 

0.3000 

0 

0 

7 

PQ 

3.7197 

1.0258 

0 

0 

0 

0 

8 


0.7275 

1.0159 



0 

■IQBI 

9 

PQ 

1.9667 

1.0324 

0 

0 

0 

0 


LFls at base case loading condition (9-bus system) 


Line 

number 

From 

bus 

To 

bus 

LFISP 

LFISQ 

LFIRP 

LFIRQ 

4 



4 

6 

0.0198 

0.0323 

-0.0204 


5 

4 

5 

0.0155 




6 

5 

7 

-0.1118 


0.1026 

0.0469 

7 

6 

9 

-0.0925 

0.0322 

0.0871 

0.0064 

8 

9 

8 

0.0108 

0.0533 

-0.0111 

-0.0536 

9 

8 

7 


-0.0085 

0.0245 

0.0192 
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APPENDIX K 


SYSTEM DATA FOR 10-MACHINES, 39-BUS SYSTEM 

BaseMVA 100 MV A 


Machine Data 


Parameter 

//(sec) 

Xdipu) 

X'dipu) 




iralSn 

M/C 1 


0.2950 

0.0647 





M/C 2 


0.02, 

0.006 

0.019 

0.006 

WattitM 

0.7 


35.8 

0.2495 

0.0531 

0.2370 


Iffin 

1.5 


26.0 

0.33 

0.066 

0.31 

0.066 

5.40 

0.44 

M/C 5 

28.6 

0.262 

0.0436 

0.258 

0.0436 

5.69 

1.0 

M/C 6 



34.8 

0.254 

0.05 

0.241 

0.05 

7.30 

0.4 

M/C 7 


0.295 

0.049 - 

0.292 

0.049 

5.66 

1.5 

M/C 8 

24.3 

— 

0.29 

0.057 

0.28 

0.057 

6.7 

0.41 


Mia 

0.2106 

0.057 

0.205 

0.057 

4.79 

1.96 

M/C 10 

42 

0.2 

0.004 

0.196 

0.004 

5.7 

0.5 


Exciter Data 



Ka 

r^(sec) 

Ke 

T 

le 




^ex 

^ex 

Exl 

6 

0.05 

-0.63 

0.41 

0.25 

0.5 

0 

0.705 

0.288 

Ex2 

20 

0.2 

1.0 

0.314 

0.063 

0.35 



0 

Ex3 

■i 


-0.02 

0.5 

0.08 

1.0 



0.625 

Ex4 

gBl 

KiItM 

1.0 

0.73 

0.03 

1.0 

0 

0 

0 

Ex5 

5 

eeb 

-0.05 

0.5 

0.08 

1.0 

0 

0.0035 

0.82 

Ex 6 

5 

HffiB 

-0.04 

0.47 

0.075 

1.25 

0 

0.0021 

0.857 

Ex7 

40 

0.02 

1.0 

0.73 

0.03 

1.0 

0 

0.493 

0.311 

Ex8 

5 


-0.05 

0.53 

0.085 

1.26 

0 

0.0028 

0.837 

Ex9 

40 

■gtioi 

1.0 

1.4 

0.03 

i.d 

0 

0.61 

0.3 

ExlO 

25 

mm 

-0.02 

0.50 

0.08 

1.0 

0 


mfWM 
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Load Flow Result of 10-Machines, 39.Bus System at Base Case Loading 



-10.969 


2.3411 


3.1662 


4.1895 


5.1982 


7.9916 


7.5440 


-4.0075 


-9.3204 


-9.4407 


-10.372 


-9.1191 


-8.3461 


-10.802 


-11.365 


-11.183 


-5.5889 


-4.3401 


0.1908 



-8.3297 


-2.4678 


0.4580 


-2.0190 



-8.2165 


-8.5349 


-8.1014 


-9.0864 


1.0123 


0.9972 


1.0493 


1.0635 


1.0278 


1.0265 


1.0475 


1.0350 


1.0166 


0.9855 


0.9498 


0.9506 


0.9521 


0.9441 


0.9448 


1.0071 


0.9585 


0.9849 


1.0149 


1.0122 


0.9735 


1.0257 


1.0124 


0.9918 


1.0164 


1.0187 


0.9842 


0.9549 


0.9349 


0.9560 


0.9546 


0.9568 


0.9737 


0.9814 


0.9815 


0 


0 


0 


0 


0 


0 


0 


0 


'3.2200 


5.0000 


0 


0 


2.3380 


5.2200 


0 


0 


2.7400 


0 


2.7450 


3.0860 


2.2400 


1.3900 


2.8100 


2.0600 


2.8350 


6.2800 


0 


0.0750 


5.4282 


10.0000 


6.5000 


0 

6.5000 

0 

5.6000 

0 

5.4000 

0 

8.3000 

0 

2.5000 

0 

0 

0 

0 

lEm 

■QHI 

1.8400 

0 

0 

0 

0 

0 

0.8400 

0 

1.7600 

0 

0 

0 

0 

0 

1.1500 

0 

0 

0 

0.8466 

0 

0.9220 

0 

0.4720 

0 

0.1700 

0 

0.7550 

0 

0.2760 

0 

0.2690 

0 

1.0300 

0 

0 

0 

0.8800 

0 

0 

0 


G 


1.5724 


2.2624 


1.6606 


1.5-510 


.838 


2.8105 


2.2967 


0.2757 


0.5970 
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LFIs for lO-machines, 39-bus system at base case loading condition 


Line 

number 

From 

bus 

To 

bus 

LFISP 

LFISQ 

LFIRP 

LFIRQ 

13 

37 

27 

0.0010 

-0.0438 

-0.0009 

0.0425 

14 

37 

38 

0.0058 

-0.0057 

-0.0058 

0.0068 

15 

36 

24 

-0.0003 

0.0011 

0.0003 

-0.0011 

16 

36 

21 

-0.0108 

-0.0315 

0.0105 

0.0385 

17 

36 

39 

-0.0342 

0.0091 

0.0331 

mmm 

18 

36 

37 

0.0064 

-0.0375 

-0.0064 


19 

35 

36 

-0.0117 

-0.0581 

0.0113 

0.0588 

20 

34 

35 

0.0018 

-0.0110 

-0.0018 

0.0110 

21 

33 

34 

0.0114 

-0.0035 

-0.0114 

0.0076 

22 

28 

29 

-0.0190 

0.0150 

0.0188 

-0.0046 

23 

26 

29 

-0.0427 

0.0441 

0.0417 


24 

26 

28 

-0.0238 

0.0163 

0.0235 

WlflihTJI 

25 

26 

27 

0.0144 

0.0684 

-0.0150 

-0.0664 

26 

25 

26 

0.0088 

0.0435 

-0.0091 

-0.0430 

27 

23 

24 

0.0287 

0.1448 

-0.0312 

-0.1019 

28 

22 

23 

0.0012 

0.0094 

-0.0012 

-0.0094 

29 

21 

22 

-0.0197 

-0.0914 

0.0185 

0.1087 

30 

20 

33 

0.0052 

0.0056 

-0.0052 

-0.0049 

31 

20 

31 

0.0061 

0.0094 

-0.0062 

-0.0084 

32 

19 

2 

-0.0007 

-0.0922 

0.0007 


33 

18 

19 

-0.0019 

-0.2790 

0.0017 

BiKtf'iM 

34 

17 

18 

0.0034 

-0.0061 

-0.0034 

0.0065 

35 

16 

31 

-0.0109 

0.0011 

0.0108 

0.0029 

36 

16 

17 

0.0112 

0.0259 

-0.0114 

-0.0189 

37 

15 

18 

0.0112 

0.0162 

-0.0113 

-0.0102 

38 

15 

16 

-0.0042 

-0.0018 

0.0042 

0.0025 

39 

14 

34 

-0.0094 

-0.0080 

0.0093 

0.0136 

40 

14 

15 

-0.0055 

0.0031 

0.0055 

-0.0011 

41 

13 

38 

-0.0019 

0.0181 

0.0019 

-0.0182 

42 

13 

14 

0.0044 

0.1361 

-0.0047 


43 

12 

25 

-0.0653 

0.0296 

Bifasaai 

MMJ/kM 

44 

12 

13 

0.0182 


-0.0194 

-0.1038 

45 

11 

12 

-0.0162 

■atiHiM 

0.0167 

-0.0858 

46 

11 

2 

0.0046 

0.0163 

-0.0047 

-0.0131 
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APTP and RPTP for 39-bus system at base case loading 


Path 


Active Power Transmission Paths 
Line connection 


number 

A1 

A2 

A3 

A4 

A5 

A6 

A7 

A8 

A9 

AlO 

All 

A12 

A13 

A14 

A15 

A16 

A17 

A18 

A19 

A20 

A21 

A22 

A23 

A24 

A25 

A26 

All 

A28 

A29 

A30 

A31 


_ from bus to bus 

(1-16)(16-17)(17-18) “ 

(1-16)(16-15)(15-14) ~ 

(1-16)(16-15)(15-18) ^ 

(2-19)(19-18) ~ 

(3-20)(20-3 1 )(3 1 - 1 6)(1 6- 1 7)(1 7- 1 8) 
(3-20)(20-31)(31-16)(16-15)(15-14) 
(3-20)(20-31)(31-16)(16-15)(15-18) 
(3-20)(20-33)(33-32)(32-31)(31-16)(16-17)(17-18) 
(3-20)(20-33)(33-32)(32-31)(31-16)(16-15)(15-14) 
(3-20)(20-33)(33-32)(32-31)(31-16)(16-15)(15-18) 
(3-20)(20-33)(33-34)(34-14) 
(3-20)(20-33)(33-34)(34-35) 

(4-30) 

(5-39)(39-30) 

(5-39)(39-36)(36-35) 

(5-39)(39-36)(36-37)(37-27) 
(5-39)(39-36)(36-37)(37-38)(38-13)(13-14) 
(6-22)(22-21)(21-36)(36-35) 
(6-22)(22-21)(21-36)(36-37)(37-27) 
(6-22)(22-21)(21-36)(36-37)07-38)(38-13)(13-14) | 

(7-23)(23-24)(24-36)(36-35) 

(7-23)(23-24)(24-36)(36-37)(37-27) 

(7-23)(23-24)(24-36)(36-37)(37-38)(38-13)(13-14) 

(8-25)(25-26)(26-27) 

(8-25)(25-12)(12-ll)(l l-2) 

(8-25)(25-12)(12-13)(13-14) 

(9-29)(29-28) 

(9-29)(29-26) 

(9-29)(29-26)(26-27) 

(10-12)(12-ll)(ll-2) 

(10-12)(12-13)(13-14) 
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1 Reactive Power Transmission Paths 1 

Path 

Line connection 

number 

from bus to bus 

R1 

(1-16)(16-17) 

R2 

(1-16)(16-15)(15-18)(18-17) 

R3 

(1-16)(16-15)(15-14) 

R4 

(2-19)(19-18)(18-17) 

R5 

(3-20)(20-31)(3 1-16)(1 6-1 5)(1 5-1 8)(1 8-17) 

R6 

(3-20)(20-3 1 )(3 1 - 1 6)( 1 6- i 5)( 1 5- 1 4) 

R7 

(3-20)(20-31)(31-16)(16-i7") 

R8 

(3-20)(20-31)(31-32) 

R9 

(3-20)(20-33)(33-32) 

RIO 

(3-20)(20-33)(33-34)(34-14) 

Rll 

(4-30) 

R12 

(5-39)(39-36)(36-24) 

R13 

(5-39)(39-36)(36-35)(35-34)(34-14) 

R14 

(6-22)(22-23)(23-24) 

R15 

(6-22)(22-21)(21-36)(36-24) 

R16 

(6-22)(22-2 1 )(21 -36)(36-3 5)(3 5-34)(34- 14) 

R17 

(7-23)(23-24) 

R18 

(8-25)(25-26)(26-27)(27-37)(3'7-36)(36-24) 

R19 

(8-25)(25-26)(26'-27)(27-37)(37-36)(36-35)(35-34)(34-14) 

R20 

(8-25)(25-12)(12-13)(13-14) 

R21 

(8-25)(25-12)(12-13)(13-38)(38-37)(37-36)(36-24) 

R22 

(8-25)(25-12)(12-13)(13-38)(38-37)(37-36)(36-35)(35-34)(34-14) 

R23 

(9-29)(29-28)(28-26)(26-27)(27-37)(37-36)(36-24) 

R24 

(9-29)(29-28)(28-26)(26-27)(27-37)(37-36)(36-35)(35-34)(34-14) 

R25 

(9"-29)(29-26)(26-27)(27-37)(37-36)(36-24) 

R26 

(9-29)(29-26)(26-27)(27-37)(37-36)(36-35)(35-34)(34-14) 

R27 

(10-12)(12-13)(13-14) 

R28 

(10-12)(12-13)(r3-38)(38-37)(37-36)(36-24) 

R29 

(10-12)(12-13)(13-38)(38-37)(37-36)(36-35)(35-34)(34-14) 
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APTP and RPTP for 39-bus system at maximum loading condition 


Active Power Transmission Paths II 

Path 

Line connection 

number 

from bus to bus 

A1 

(1-16)(16-17) 

A2 

(1-16)(16-15)(15-18)(18-17) ' 

A3 

(1-16)(16-15)(15-14) 

A4 

(2-1 1)(1 1-12)(12-25)(25-26)(26-27) 

A5 

■(2-ll)(ll-12)(12-13)(13-38)(38-37)(37-27) 

A6 

(2-1 1)(1 1-12)(12-13)(13-38)(38-37)(37-36)(36-24) 

A7 

(2-1 1)(1 1-12)(12-13)(13-38)(38-37)(37-36)(36-35) 

A8 

(2-ll)(ll-12)(12-13)(13-14) 

A9 

(2-19)(19-18)(18-17) 

AlO 

(3-20)(20-31)(31-16)(16-17) 

All 

(3-20)(20-31)(31-16)(16-15)(15-18)(18-17) 

A12 

(3-20)(20-3 1 )(3 1 -1 6)(1 6-1 5)(1 5-14) 

A13 

(3-20)(20-31)(31-32)(32-33)(33-34)(34-35) 

A14 

(3-20)(20-31)(31-32)(32-33)(33-34)(34-14) 

A15 

(3-20)(20-33)(33-34)(34-35) 

A16 

(3-20)(20-33)(33-34)(34-14) 

A17 

(4-30) 

A18 

(5-39)(39-36)(36-35) 

A19 

(5-39)(39-36)(36-24) 

A20 

(6-22)(22-23)(23-24) 

A21 

(6-22)(22-21)(21-36)(36-24) 

All 

(6-22)(22-21)(21-36)(36-35) 

A23 

(7-23)(23-24) 

A24 

(8-25)(25-26)(26-27) 

A25 

(9-29)(29-28)(28-26)(26-27) 

A26 

(9-29)(29-26)(26-27) 

All 

(10-12)(12-25)(25-26)(26-27) 

A28 


A29 
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Reactive Power Transmission Paths 

Path 

Line connection 

number 

from bus to bus 

R1 

(1-16)(16-15)(15-14) 

R2 

(1-16)(16-17)(17-18) 

R3 

(1-16)(16-15)(15-18) 

R4 

(2-ll)(ll-12)(12-13)(13-14) 

R5 ^ 

(2-19)(19-18) 

R6 ^ 

(3-20)(20-31)(31-32) 

R7 

(3-20)(20-33)(33-32) 

R8 

(3-20)(20-33)(33-34)(34-14) 

R9 

(3-20)(20-31)(31-16)(16-15)(15-14) 

RIO 

(3-20)(20-31)(31-16)(16-17)(17-18) 

Rll 

(3-20)(20-31)(31-16)(16-15)(15-18) 

■aa 

(4-30)(30-39)(39-36)(36-24) 

R13 

(4-30)(30-39)(39-36)(36-35)(35-34)(34-14) 

R14 

(5-39)(39-36)(36-24) 

R15 

(5-39)(39-36)(36-35)(35-34)(34-14) 

R16 

(6-22)(22-23)(23-24) 

R17 

(6-22)(22-21)(21-36)(36-24) 

R18 

(6-22)(22-21)(21-36)(36-37)(37-38)(38-13)(13-14) 

R19 

(6-22)(22-21)(21-36)(36-35)(35-34)(34-14) 

R20 

(7-23)(23-24) 

R21 

(8-25)(25-12)(12-13)(13-14) 

R22 

(8-"25)(25-26)(26-27)(27-37)(37-38)(38-13)(13-14) 

R23 

(9-29)(29-28)(28-26)(26-27)(27-37)(37-38) 

(38-13X13-14) 

R24 

(9-29)(29-26)(26-27)(27-37)(37-38X38-13)(13-14) 

R25 

(10-12)(12-13)(13-14) 
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APPENDIX L 


SYSTEM DATA FOR 16-MACHINES, 68-BUS SYSTEM 

BaseMVA 100 MVA 


Machine Data 








^<Jo(sec) 

^90 (sec) 

1 M/Cl 

496 




0.0025 

5.9 

1.5 


42 


0.025 

0.069 

0.028 

10.2 

1.5 


30.2 

0.0697 

0.05 

0.282 

0.06 

6.56 

1.5 


35.8 

0.0531 



0.05 

5.7 

1.5 

1 M/C5 

28.6 

0.0436 

0.035 

0.258 

0.04 

5.69 

1.5 

iWESEEKm 

26.0 

0.066 

0.05 

0.31 

0.06 

5.4 

0.44 

M/C7 

34.8 

0.05 

0'.04 

0.241 

0.045 

7.3 

0.4 

M/C 8 

26.4 

0.049 

0.04 

0.292 

0.045 

5.66 

1.5 

M/C 9 

24.3 

0.057 

0.045 

0.28 

0.05 

6.7 

0.41 

M/C 10 

34.5 

0.057 

0.045 

0.205 

0.05 

4.79 

1.96 

M/C 11 

31.0 

0.0457 

0.04 

0.115 

0.045 

9.37 

1.5 

M/C 12 

28.2 

0.018 

0.012 

0.123 

0.015 

4.1 

1.5 

M/C 13 

92.3 

0.031 

0.025 

0.095 

0.028 

7.4 

1.5 

M/C 14 

300 

0.00285 

0.0023 

0.0173 

0.0025 

4.1 

1.5 

M/C 15 

300 

0.00285 

0.0023 

0.0173 

0.0025 

4.1 

1.5 

M/C 16 

450 

0.0036 

0.0028 

0.0167 

0.003 

7.8 

1.5 





































































































Exciter Data 


■ 

Ka 

Ta 

(sec) 

K, 

T 

^ e 




^ex 


m 

Exl 



1.0 

0.785 

0.03 

1.0 

0 

0.07 

0.91 


Ex2 

5.0 

0.06 

-0.0485 

0.25 

0.04 

1.0 

0 

0.08 

0.26 

0.041 

Ex3 

6.2 

0.05 

-0.0633 



0.5 

0 

0.66 

0.88 

BliblrU 

Ex4 

5.0 

0.06 

-0.0198 

0.5 


1.0 

0 

0.13 

0.34 

HEB 

Ex5 

5.0 

0.06 

-0.0525 

0.5 

MM 


0 

0.08 


BB 

Ex6 



1.0 

0.785 

BH 

1.0 

0 

0.07 

0.91 

0.03 

Ex7 

5.0 

0.02 

-0.0419 

0.471 

0.0754 



0.064 

0.251 

to. 10 

Ex8 

40.0 

0.02 

1.0 

0.730 

0.03 

1.0 

0 

0.53 

0.74 

0.08 

Ex9 



-0.047 

0.528 



0 

0.072 

0.282 

0.09 

ExlO 

40.0 

0.02 

1.0 

1.4 

0.03 

1.0 

0 

0.062 

0.85 

0.14 

Exll 

6.2 

0.05 

-0.0633 



0.5 

0 

0.66 

0.88 

0.0556 

Exl 2 



-0.0525 

0.5 

0.08 

1.0 

0 

0.08 

to 14 

0.136 

Exl3 

40.0 

0.02 

1.0 

0.785 



0 

0.07 

^0.91 

0.33 

Exl4 

40.0 

0.02 

1.0 

0.785 

0.03 

1.0 

0 

0.07 

0.91 

1.0 

Exl 5 



1.0 

0.785 

0.03 

1.0 

0 

0.07 

0.91 

1.0 

Exl6 

40.0 

0.02 

1.0 

0.785 

0.03 

1.0 

0 

0.07 

0.91 

0.50 
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Line data 


Line 

Bu 

s 

Impedance I 

number 

From 

To 

mm 


mimm 

1 

65 

53 


■MUM 

0.34935 

2 

65 

30 



0.24000 

3 

53 

54 

0.00130 

0.01510 

0.12860 

4 

53 

25 

0.00700 

0.00860 

0.07300 

5 

2 

53 

0 

0.01810 

0 

6 

54 

55 

0.00130 

0.02130 

0.11070 

7 

54 

18 

0.00110 

0.01330 

0.10690 

8 

55 

56 

0.00080 

0.01280 

0.06710 

9 

55 

66 

0.00080 

0.01290 

0.06910 

10 

56 

57 

0.00020 

0.00260 

0.02170 

11 

56 

59 

0.00080 

0.01120 

0.07380 

12 

57 

58 

0.00060 

0.00920 

0.05650 

13 

57 

62 

0.00070 

0.00820 

0.06945 

14 

57 

3 

0 

0.02500 

0 

15 

58 

59 

0.00040 

0.00460 

0.03900 

16 

59 

60 

0.00230 

0.03630 

0.19020 

17 

61 

62 

0.00040 

0.00430 

0.03645 

18 

61 

64 

0.00040 

0.00430 

0.03645 

19 

61 

4 

0 

0.02000 

0 

20 

63 

62 

0.00160 

0.04350 

0 

21 

63 

64 

0.00160 

0.04350 

0 

22 

64 

66 

0.00090 

0.01010 

0.08615 

23 

66 

67 

0.00180 

0.02170 

0.18300 

24 

67 

68 

0.00090 

0.00940 

0.08550 

25 

68 1 

17 

0.00070 

0.00890 

0.06710 

26 

68 

19 

0.00160 

0.01950 

0.15200 

27 

68 

21 

0.00080 

0.01350 

0.12740 

28 

68 

24 

0.00030 

0.00590 

0.03400 

29 

17 

18 

0.00070 

0.00820 

0.06595 

30 

17 

27 

0.00130 

0.01730 

0.16080 

31 

19 

20 

0.00070 

0.01380 

0 

32 

19 

5 

0.00070 

0.01420 

0 

33 

20 

6 

0.00090 

0.01800 

0 

34 

21 

. 22 

0.00080 

0.01400 

0.12825 

35 


23 

0.00060 

0.00960 

0.09230 

36 


7 

0 

0.01430 

0 

37 

23 

24 

0.00220 

0.03500 

0.18050 

38 

23 

8 

0.00050 

0.02720 

0 
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Line 

number 


39 


40 


41 


42 


43 


44 


45 


46 


47 


48 


49 


50 


51 


52 


53 


54 


55 


56 


57 


58 


59 


60 


61 


62 


63 


64 


65 


66 


67 


68 


69 


Bus 

Impedance 

From 

To 

■sKSil 


25 

26 

0.00320 

0.03230 

0.26550 

25 

9 

0.00060 

0.02320 

0 

26 

27 

0.00140 

0.01470 

0.11980 

26 

28 

0.00430 

0.04740 

0.39010 

26 

29 

0.00570 

0.06250 

0.51450 

28 

29 

0.00140 

0.01510 

0.12450 

29 

10 

0.00080 

0.01560 

0 

60 

30 

0.00950 

0.00915 


60 

36 

0.00110 

0.00980 

0.34000 

36 

37 

0.00050 

0.00450 

0.16000 

34 

36 

0.00330 

0.01110 


35 

34 

0.00010 

0.00740 

IHKIHi 

33 

34 

0.00110 

0.01570 

0.10100 

32 

33 

0.00080 

0.00990 

0.08400 

30 

31 

0.00130 

0.01870 

0.16650 

30 

32 

0.00240 

0.02880 

0.24400 

65 

31 

0.00160 

0.01630 

0.12500 

31 

38 

0.00110 

0.01470 


33 

38 

0.00360 

0.04440 

0.34650 

38 

46 

0.00220 

0.02840 

0.21500 

46 

49 

0.00180 

0.02740 

0.13500 

65 

47 

0.00130 

0.01880 

0.65500 

47 

48 

0.00125 

0.01340 

WiBMtIiMI 

48 

40 

0.00200 

0.02200 

0.64000 

35 

45 

0.00070 

0.01750 

0.69500 

37 

43 

0.00050 

0.02760 

0 

43 

44 

0.00010 

0.00110 

0 

44 

45 

0.00250 

0.07300 

0 

39 

44 

0 

0.04110 

0 

39 

45 

0 

0.08390 

0 

45 

51 

0.00040 

0.01050 

0.36000 

50 

52 

0.00120 

0.02880 

1.03000 

50 

51 

0.00090 

0.02210 

0.81000 

49 

52 

0.00760 

0.11410 


52 

42 

0.00400 

0.06000 

1.12500 

42 

41 

0.00400 

0.06000 . 

1.12500 

41 

40 

0.00600 

0.08400 

1.57500 

31 

11 

0 

0.02600 

0 
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Load Flow Result of 16-Machines, 68-Bus System at Base Case Loading 


Bus 


warn 


PL 

OL 

PG 

QG 

1 

SL 

0 

1.0110 

0 

0 

36.4054 

9.6478 

2 

PV 

11.9726 

1.0450 

0 

0 

2.5000 

1.5655 

3 

PV 

15.3520 

0.9800 

0 

0 

5.4500 

1.6794 

4 

PV 

17.7062 

0.9830 

0 

0 

6.5000 

1.7157 

5 

PV 

19.1495 

0.9970 

0 

0 

6.3200 

0.5192 

6 

PV 

17.6812 

1.0110 

0 

0 

5.0520 

1.3839 

7 

PV 

21.9200 

1.0500 

0 

0 

7.0000 


8 

PV 

24.2667 

1.0630 

0 

0 

5.6000 

1.9901 

9 

PV 

M.mi 

1.0300 

0 

0 

5.4000 

0.2622 

10 

PV 

2122 % 

1.0250 

0 

0 

8.0000 

0.3337 

■01 

PV 

16.9735 

1.0100 

0 

0 

5.0000 

-0.4477 

12 

PV 

19.6951 

1.0000 

0 

0 

10.000 

-0.3944 

13 

PV 

5.2146 

1.0156 

0 

0 

13.500 


14 

PV 

47.5579 

1.0000 

0 

0 

17.850 


15 

PV 

41.1735 

1.0000 

0 

0 

10.000 

0.6973 

16 

PV 

46.7884 

1.0000 

0 

0 

40.000 

4.9374 

17 

PQ 

7.5703 

0.9927 

0 

0 

0 

0 

18 

PQ 

6.6282 

0.9900 

1.5800 

0.3000 

0 

0 

19 

PQ 

■ii^ 

0.9892 

0 

0 

0 

"o 

20 

PQ 

12.5184 

0.9859 

6.8000 

1.0300 

0 

0 

21 

PO 


0.9942 



0 

0 
















































































































































































































Bus 

msm 

26 

PQ 

27 

PQ 

28 

PQ 

29 

PQ 

30 

PQ 

31 

PQ 

32 

PQ 

33 

PQ 

34 

PQ 

35 

PQ 

36 

PQ 

37 

PQ 

38 

PQ 

39 

PQ 

40 

PQ 

41 

PQ 

42 

PQ 

43 

PQ 

44 

PQ 

45 

PQ 

46 

PQ 

47 

PQ 

48 

PQ 

49 

PQ 

50 

PQ 

51 

PQ 

52 

PQ 

53 

PQ 

54 

PQ 

55 

PQ 

56 

PQ 

57 

PQ 

58 

PQ 

59 

PQ 

60 

PQ 

61 

PQ 

62 

PQ 


An 


9.2714 


7.2640 


12.5961 


15.3860 


7.1189 


9.7920 


12.3255 


8.5692 


3.2035 


3.1879 


- 0.5354 


- 6.9171 


9.8060 


-8.3429 


16.4732 


46.0222 


40.3132 


- 7.5901 


- 7.6168 


3.1701 


10.7221 


8.4072 


10.3701 


14.0083 


20.3129 


7.2621 


39.8438 


9.5367 


6.3158 


5.0812 


6.1395 


6.9136 


4.3300 


3.7113 


3.0657 


9.7654 


8.7956 


1.0200 


1.0037 


1.0201 


1.0209 


1.0337 


1.0296 


1.0135 


1.0155 


1.0169 


1.0194 


0.9951 


0.9867 


1.0261 


0.9841 


1.0494 


0.9991 


0.9991 


0.9854 


0.9853 


1.0128 


1.0065 


1.0512 


1.0551 


0.9899 


1.0074 


1.0169 


0.9925 


1.0188 


0.9896 


0.9497 


0.9458 


0.9474 


0.9364 


0.9357 


0.9745 


0.9573 


0.9526 


PL 

QL 

PG 

1.3900 

0.1700 

0 

2.8100 

0.7600 

0 

2.0600 

0.2800 

0 

2.8400 

0.2700 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1.1200 

0 

0 

0 

0 

0 

0 

0 

0 

1.0200 

- 0.1946 

0 

60.0000 

3.0000 

0 

0 

0 

0 


0.1260 

0 


0.2353 

0 

10.0000 

2.5000 

0 

11.5000 

2.5000 

0 

0 

0 

0 

2.6755 

0.0484 

0 

2.0800 

0.2100 

0 

1.5070 

0.2850 

0 

2.0312 

0.3259 

0 

2.4120 

0.0220 

0 

1.6400 

0.2900 

0 

1.0000 

- 1.4700 

0 

3.3700 

• - 1.2200 

0 

24.7000 

1.2300 

0 

0 

0 

0 

3.2200 

0.0200 

0 

5.0000 

1.8400 

0 

0 

0 

0 

0 

0 

0 

2.3400 

0.8400 

0 

5.2200 

1.7700 

0 

1.0400 

1.2500 

0 

0 

0 

0 

0 

0 

0 
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From 


63 


64 


To 


PQ 


PQ 


Angles 


8.8187 


9.0026 


Voltages 


0.9335 


0.9557 


PL 


0.0900 


0 


QL 


0.8800 

0 


PG 


QG 

0 


0 


65 


66 


67 


68 


PQ 


7.6688 


1.0353 


2.5270 


PQ 


7.2416 


0.9566 


1.1856 


0 


PQ 


0 


7.0975 


0.9672 


3.2000 


PQ 


8.7692 


1.5300 


0.9876 


3.2900 


0.3200 


0 


LFIs for 16-machines, 68-bus system at base case loading condition 
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Line 

number 

From 

bus 

To 

bus 

LFISP 

LFISQ 

LFIRP 

LFIRQ 

35 

22 

23 

0.0014 

0.0045 

-0.0014 

-0.0044 

37 

23 

24 

0.0313 

0.0909 

E^EI 

-0.0296 

39 

25 

26 

0.0110 

0.0219 

QQIH 

-0.0192 

41 

26 

27 

0.0135 

0.0520 

DSE9 

-0.0491 

42 

26 

28 

-0.0209 

0.0270 

0.0208 

-0.0138 

43 

26 

29 

-0.0388 

0.0568 

0.0383 

-0.0125 

44 

28 

29 

-0.0180 

0.0194 

0.0179 

-o.'oioi 

46 

60 

30 

-0.2886 

0.0376 

0.2403 

-0.0184 

47 

60 

36 

0.0273 

-0.1067 

-0.0263 

0.1133 

48 

36 

37 

0.0485 

0.0092 

-0.0499 

0.0398 

49 

34 

36 

0.0759 

0.0166 

-0.0808 

0.0004 

51 

33 

34 

0.0260 

-0.0142 

-0.0261 

0.0483 

52 

32 

33 

0.0210 

-0.0205 

-0.0210 

0.0370 

53 

30 

31 

-0.0128 

0.0327 

0.0129 

-0.0246 

54 

30 

32 

-0.0290 

0.1194 

0.0300 

-0.0953 

55 

65 

31 

-0.0142 

0.0385 

0.0143 

-0.0340 

56 

31 

38 

0 

0.0135 

0 

-0.0137 

57 

33 

38 

-0.0073 

-0.0338 

0.0071 

0.0348 

58 

38 

46 

-0.0044 

0.0796 

0.0046 

-0.0836 

59 

46 

49 

-0.0145 

0.0850 

0.0149 

-0.0768 

60 

65 

47 

-0.0039 

-0.0580 

0.0038 

0.0562 

61 

47 

48 

-0.0129 

0.0004 

0.0127 

0.0043 

62 

48 

40 

-0.0381 

0.0802 

0.0382 

-0.0378 

63 

35 

45 

0.0001 

0.0256 

-0.0001 

-0.0262 

64 

37 

43 

0.0008 

0.0047 

-0.0009 

-0.0042 

65 

43 

44 

0.0002 

0.0002 

-0.0002 

-0.0002 

66 

44 

45 

-0.0265 

-0.0126 

0.0250 

0.1465 

67 

39 

44 

0 

-0.0046 : 

0 

0.0052 

68 

39 

45 

0 

-0.0341 

0 

0.1824 

69 

45 

51 

-0.0109 

0.0049 

0.0108 

0.0154 

70 

50 

52 

-0.0551 

0.3114 

0.0560 

0.1135 

71 

50 

51 

0.0368 

0.0292 

-0.0365 

0.1681 

72 

49 

52 

-0.1174 

0.4409 

0.1137 

0.2708 

73 

52 

42 

-0.0023 

-0.0243 

0.0023 

0.0241 

74 

42 

41 

-0.0265 

0.0456 

0.0263 

-0.0067 

75 

41 

40 

0.1434 

0.1865 

-0.1342 

0.6502 








































































































































































































APTP and RPTP for 68-bus system at base case loading 



Active Power Transmission Paths ~ 

Path 

Line cormection 

number 

from bus to bus 

A1 

((l-37)(37-43)(43-44)f44-39) — 

A2 

(2-53X53-54X54-55) ^ 

A3 

_i?I^.5X^^^5X^^"30)(30-60)(60-36)(36-37)(37-43){'43-44)(44-3O') 

A4 

(3-57)(57-58)(58-59)(59-60)(60-36)(36-37)(37-43)(43-44)(44-39) 

A5 

(3-57X57-56)(56-55) ^ ^ 

A6 

(3-57X57-56)(56-59)(59-60X60-36)(36-37¥37-43¥43-44V44.3Q^ 

A7 

(4-61)(61-62)(62-57)(57-56)f56-55) ^ ^ 

A8 

(4-6 1 X6 1 -62X62-57)(57-58X58-59X59-60)(60-36)(36-37) 
(37-43X43-44X44-39) 

A9 

(4-6 1 )(6 1 -64)(64-63)(63-62)(62-57)(57-58)(58-59)(59-60) 
(60-36)(36-37)(37-43)(43.-44)(44-39) 

AlO 

(4-6 1 )(6 1 -64)(64-63)(63-62)(62-57)(57-56)(56-55) 

All 

(4-61)(61-64)(64-66)(66-55) 

Ar2 

(4-61X61-64X64-66X66-67) “ 

A13 

■1 III III! II 1 —— ■! 

A14 


A15 

(5-19)(19-68)(68-17)(17-18)(18-54)(54-55) 

A16 

(5-19)(19-68)(68-17)(17-27) 

A17 

(6-20) 

A18 

(7-22)(22-23)(23-24)(24-68)(68-67) 

A19 

(7-22)(22-23)(23-24)(24-68)(68-17)(17-18)(18-54)(54-55) 

A20 

(7-22)(22-23)(23-24)(24-68)(68-17)(17-27) 

A21 

(7-22)(22-2 1 )(2 1 -68)(68-67) 

A22 

(7-22)(22-2 1 )(21 -68)(68-l 7) (1 7-1 8)(1 8-54)(54-55) 

A23 

(7-22)(22-2 1 )(2 1 -68)(68- 1 7) (1 7-27) 

A24 

(8-23)(23-24)(24-68)(68-67) 

A25 

(8-23)(23-24)(24-68) (68-17) (17-18)(18-54)(54-55) 

A26 

(8-23)(23-24)(24-68) (68-17) (17-27) 

All 

(9-25)(25-53)(53-54)(54-55) 

A28 

(9-25)(25-53)(53-65)(65-30)(60-36)(36-37)(37-43)(43-44)(44-39) 

A29 


A30 

(10-29)(29-26)(26-27) 

A31 

(1 0-29)(29-28)(28-26)(26-27) 

A32 

(ll-31)(31-30)(30-60)(60-36)(36-37)(37 43)(43-44)(44-39) 
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Path 

Number 


A33 







Active Power Transmission Paths 


Line connection 
from bus to bus 


12-32)(32-30)(30-6Q)(60-36)(36-37)(37-43)(43-44)(44-39) 


(12-32)(32-33)(33-34)(34-36)(36-37)(37-43)(43-44)(44-39) 


12-32)(32-33)(33-34)(34-35)((35-45)(45-44¥44-39) 


12-32y32-33)(33-34)(34-35)((35-45)(45-39) 


■13-36)(36-37)(37-43)(43-44)(44-39) 


(14-41 )(4 1 -42)(42-52)(52-50)(50-5 1 )(5 1 -45)(45-44)(44-3 9) 


14-41)(41-42)(42-52)(52-5Q)(50-51)(51-45)(45-39) 


(14.41)(41-42)(42-52)(52-49)(49-46)(46-38)(38-33)(33-34) 

(34-36)(36-37)(37-43)(43-44)(44-39) 


(14.41)(41-42)(42-52)(52-49)(49-46)(46-38)(38-33)(33-34) 

(34-35)(35-45)(45-44)(44-39) 


(14-41)(41-42)(42-52)(52-49)(49-46)(46-38)(38-33)(33-34) 

(34-35)(35-45)(45-39) 


(14-41)(41-42)(42-52)(52-49)(49-46)(46-38)(38-31)(31-30) 

(30-60)(60-36)(36-37)(37-43)(43-44)(44-39) 


(14-41)(41.42)(42-52)(52-49)(49-46)(46-38)(38-31)(31-65) 
65-27 




(14-41X41. 

65-30)(30- 


14-41X41- 


(14-41X41- 

(36-37)(37- 


'15-42)(42- 







.15-42)(42- 


(15-42)(42- 

(34-36X36- 


(15-42X42- 

(34-35)(35- 


(15-42)(42- 

34-35X35- 


(15-42)(42- 

(3Q-60)(60- 


(15-42X42- 
(65-27 


42X42-52)(52- 

60X60-36X36- 


40X40-48)(48- 


40X40-48)(48- 

43)(43-44)(44. 


52X52-50X50- 


52X52-50)(50- 


52)(52-49X49- 

371(37-43X43- 


52X52-49X49- 

4^45-44)(44- 


52X52-49X49- 

45X45-39) 


52X52-49X49- 

36)(36-37)(37- 


52)(52-49)(49- 


49)(49-46X46 

■37)(37-43)(43 


47)(47-65X65 


47)(47-65)(65 

39) 


•51)(51-45)(45 


■51)(51-45)(45 


46)(46-38)(38 

44)(44-39) 


46)(46-38)(38 

39) 


46)(46-38)(38 


-38)(38-31)(31-65) 
-44)(44-39 


-27' 


-30)( (30-60)(60-36) 


-44)(44-39) 


-39' 


-33)(33-34) 


-33)(33-34) 


-33)(33-34) 


46)(46-38)(38-31)(31-30) 

43)(43-44)(44-39) 


46)(46-38)(38-31)(31-65) 



(15-42)(42-52)(52-49)(49-46)(46-38)(38-31)(31-65) 

(65-30)(30-60)(60-36)(36-37)(37-43)(43-44)(44-39) 


(1 6-52)(52-50)(50-5 1 )(5 1-45)(45-44)(44-39) 


( 1 6-52)(52-50X50-5 1 )(5 1 -45)(45-39) 



284 
























1 Active Power Transmission Paths || 

Path 

Line connection 

Number 

from bus to bus 

A59 

(16-52)(52-49)(49-46)(46-38)(38-33)(33-34)(34-36)(36-37) 

(37-43)(43-44)(44-39) 

A60 

(16-52)(52-49)(49-46)(46-38)(38-33)(33-34)(34-35)(35-45) 

(45-44)(44-39) 

A61 

(16-52)(52-49)(49-46)(46-38)(38-33)(33-34)(34-35)(35-45) 

(45-39) 

A62 

(16-52)(52-49)(49-46)(46-38)(38-31)(31-30)(30-60)(60-36) 

(36-37)(37-43)(43-44)(44-39) 

A63 

(16-52)(52-49)(49-46)(46-38)(38-3 1)(3 1-65)(65-27) 

A64 

(16-52)(52-49)(49-46)(46-38)(38-31)(31-65)(65-30)(30-60) 

(60-36)(36-37)(37-43)(43-44)(44-39) 
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Path 

number 


R1 


R2 


R3 


R4 


R5 


R6 


R7 


R8 


R9 


RIO 


Rll 


R12 


R13 


R14 


R15 


R16 


R17 


R18 


R19 


R20 


R21 


R22 


Reactive Power Transmission Paths 


Line connection 
from bus to bus 


■l-37)(37-43)(43-44)(44-39' 


2-53)(53-54)(54-55)(55-56)(56-59. 


(3-57)(57-58)(58-59) 









4-61)(61-62)(62-57)(57-58)(58-59 


(4-61)(61-62)(62-57)(57-56)(56-59: 


(4-61)(61-62)(62-63) 


4-61X61-64) 


(5-19X19-20) 


'5-19)(19-68)(68-67)(67-66)(66-64)(64-63' 


(5- 1 9)( 1 9-68)(68-67)(67-66)(66-55)(55-56)(56-59) 


7-22)(22-23)(23-24)(24-68)(68-67)(67-66)(66-64)(64-63' 


7-22)(22-23)(23-24)(24-68)(68-67)(67-66)(66-55)(55-56)(56-59' 


(7-22)(22-2 1 )(2 1 -68)(68-67)(67-66)(66-64)(64-63) 


7-22)(22-21)(21-68)(68-67)(67-66)(66-55)(55-56)(56-59) 


■8-23)(23-24)(24-68)(68-67)(67-66)(66-55)(55-56)(56-59' 


'8-23)(23-24)(24-68)(68-67)(67-66)(66-64)(64-63 


(9-25)(25-53)(53-54)(54-55)(55-56)(56-59) 


•9-25)(25-26)(26-27)(27-17)(17-18)(l 8-54)(54-55)(55-56)(56-59 


9-25)(25-26)(26-27)(27- 1 7)( 1 7-68)(68-67)(67-66)(66-64)(64-63) 


(9-25)(25-26)(26-27)(27-17)(17-68)(68-67)(67-66)(66-55)(55-56) 

(56-59) 


(10-29)(29-26)(26-27)(27-17)(17-18)(18-54)(54-55)(55-56) 

(56-59) 


(1 0-29)(29-26)(26-27)(27-l 7)(1 7-68)(68-67)(67-66)(66-64) 
(64-63) 


(1 0-29)(29-26)(26-27X27-l 7)(1 7-68)(68-67)(67-66)(66-55) 
(55-56X56-59) 


(10-29)(29-28)(28-26)(26-27)(27-17)(17-18)(18-54)(54-55) 

(55-56)(56-59) 


(10-29)(29-28)(28-26)(26-27)(27-17)(17-68)(68-67)(67-66) 
(66-64)(64-63 


(13-36)(36-60)(60-59) 


(13-36)(36-37)(37-43)(43-44)(44-39) 


14-4 11(4 1 -42)(42-52)(52-49' 
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APTP and RPTP for 68-bus system at maximum loading condition 



Active Power Transmission Paths 

Path 

Line connection 

number 

from bus to bus 

A1 

(l-37)(37-43)(43-44)(44-39) 

A2 


A3 

(2-53)(53-54)(54-55) || 

A4 


A5 

(3-57)(57-56)(56-59) || 

A6 


A7 


A8 

(4-6 1 )(6 1 -62)(62-57)(57-58)(5 8-59) 

A9 

(4-6 1 )(6 1 -62)(62-57)(57-56)(56-59) 

AlO 

(4-61)(61-62)(62-57)(57-56)(56-55) 

All 

(4-61)(61-64)(64-63) 

A12 

(4-61)(61-64)(64-66)(66-67) 

A13 

(4-61)(61-64)(64-66)(66-55) 

A14 

(5-19)(19-20) 

A15 


A16 

(5-1 9)(1 9-68)(68-l 7)(1 7-27) 

A17 

(5-19)(19-68)(68-17)(17-18) 

A18 

(6-20) 

A19 

(7-22)(22-23)(23-24)(24-68)(68-67) 

A20 

(7-22)(22-23)(23-24)(24-68)(68-17)(17-18) 

A21 

(7-22)(22-23)(23-24)(24-68)(68-17)(17-27) 

A22 

(7-22)(22-21)(21-68)(68-67) 

A23 

(7-22)(22-21)(21-68)(68-17) (17-18) 

A24 

(7-22)(22-21)(21-68)(68-17) (17-27) 

A25 

(8-23)(23-24)(24-68)(68-67) 

A26 

(8-23)(23-24)(24-68) (68-1 7)(1 7- 1 8) 

All 

(8-23)(23-24)(24-68) (68-17) (17-27) 

A28 

(9-25)(25-53)(53-54)(54-55) 

A29 

(9-25)(25-53)(53-54)(54-l 8) 

A30 

(9-25)(25-26)(26-27) 

A31 

(10-29)(29-26)(26-27) 

A32 

(1 0-29)(29-28)(28-26)(26-27) 

A33 



(ll-31)(31-65)(65-30)(30-60)(60-59) 

A35 

(1 1-31)(31-65)(65-30)(30-60)(60-36)(36-37)(37-43)(43-44) 

(44-39) 
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Active Power Transmission Paths 


Path 

number 

Line connection 
from bus to bus 

A36 

(1 1 -3 1)C3 1 -30)(30-60)C60-59) 

A37 

(n-31)(31-30X30-60)(60-36)(36-37)(37-43)(43-44)(44-39) 

A38 

(1 1 -3 1)(3 1 -65)(65-53)(53-54)(54-l 8) 

A39 

(1 1 -3 1 )(3 1 -65)(65-53)(53-54)(54-55) 

A40 

( 1 2-32)(32-30)(30-60)(60-59) 

A41 

(12-32)(32-30)(30-60)(60-36)(36-37)(37-43)(43-44)(44-39) 

A42 

(12-32)(32-33)(33-34)(34-36)(36-37)(37-43)(43-44)(44-39) 

A43 

C13-36)(36-37)(37-43)(43-44)(44-39) 

A44 

(14-41 )(4 1 -42)(42-52)(52-50)(5 0-5 1 )(5 1 -45 )(45-44)(44-3 9) 

A45 

(14.41)(41-42)(42-52)(52-50)(50-51)(51-45)(45-35)(35-34) 
(34-36)(36-37) (37-43)(43-44)(44-39) 

A46 

(14.41)(41.42)(42-52)(52-49)(49-46)(46-38)(38-33)(33-34) 
(34-36)(36-37) (37-43)(43-44)(44-39) 

A47 

(14-41)(41-42)(42-52)(52-49)(49-46)(46-38)(38-3 1)(3 1-65) 

(65-27) 

A48 

(14-41 )(41 -42)(42-52)(52-49)(49-46)(46-3 8)(3 8-3 1 )(3 1 -3 0) 
(30-60)(60-36)(36-37)(37-43)(43-44)(44-39) 

A49 

(14-41)(41.40)(40-48)(48-47)(47-65)(65-27) 

A50 

(14-41)(41-40)(40-48)(48-47)(47-65)(65-30) (30-60)(60-36) 
(36-37)(37-43)(43-44)(44-39) 

A51 

(14-41)(41-40)(40-48)(48-47)(47-65)(65-53)(53-54)(54-18) 

A52 

(14-41)(41-40)(40-48)(48-47)(47-65)(65-53)(53-54)(54-55) 

A53 

(14-41)(41-42)(42-52)(52-50)(50-51)(51-45)(45-39) 

A54 

(1 5-42)(42-52)(52-50)(50-5 1 )(5 1 -45)(45-39) 

A55 

(15-42)(42-52)(52-50)(50-51)(51-45)(45-44)(44-39) 

A56 

(15-42)(42-52)(52-50)(50-51)(51-45)(45-35)(35-34)(34-36) 

(36-37) (37-43)(43-44)(44-39) 

A57 

(15-42)(42-52)(52-49)(49-46)(46-38)(38-33)(33-34)(34-36) 

(36-37) (37-43)(43-44)(44-39) 

A58 

(15-42)(42-52)(52-49)(49-46)(46-38)(38-3 1)(3 1-65)(65-27) 

A59 

(1 5-42)(42-52)(52-49)(49-46)(46-38)(38-3 1 )(3 1 -30)(30-60) 
(60-36)(36-37)(37-43)(43-44)(44-39) 


( 1 6-52)(52-50)(50-5 1 )(5 1 -45)(45-3 9) 

HESH 

( 1 6-52)(52-50)(50-5 1 )(5 1 -45)(45-44)(44-39) 


(16-52)(52-50)(50-51)(51-45)(45-35)(35-34)(34-36)(36-37) 

(37-43)(43-44)(44-39) 

A63 

(16-52)(52-49)(49-46)(46-38)(38-33)(33-34)(34-36)(36-37) 

(37-43)(43--44)(44-39) 

A64 

(16-52)(52-49)(49-46)(46-38)(38-31)(31-65)(65-27) 

A65 

(16-52)(52-49)(49-46)(46-38)(38-31)(31-30)(30-60)(60-36) 


(36-37)(37-43)(43-44)(44-39) 
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Path 

Number 


R1 


R2 


R3 


R4 


R5 


R6 


R7 


R8 


R9 


RIO 


Rll 


R12 


R13 


R14 


R15 


R16 


R17 


R18 


R19 


R20 


Reactive Power Transmission Paths 


Line connection 
from bus to bus 


(1 -37)(37-43)(43-44)(44-39: 


'l-37)(37-43)(43-44)(44-45)(45-39: 


( 1 -37)(3 7-43)(43-44)(44-45)(45-5 1 )(5 1 -50) 


(2-53)(53-54)(54-55)(55-56)(56-59: 


2-53X53-65)(65-47)(47-48)(48-40) 







C3-57)(57-56)(56-59) 


(4-6 1 )(6 1 -62)(62-57)(57-58)(58-59 


(4-6 1 )(6 1-62)(62-57)(57-56)(56-59 


(4-61)(61-64)(64-63) 


(4-6 1)(6 1 -64)(64-66)(66-55)(55-56)(56-59' 


'5-19X19-20) 


(5-19)(19-68)(68-67)(67-66)(66-55)(55-56)(56-59: 


( 6 - 20 ) 


(7-22)(22-23)(23-24)(24-68)(68-67)(67-66)(66-55)(55-56)(56-59' 


(7-22)(22-21)(21-68)(68-67)(67-66)(66-55)(55-56)(56-59) 


(8-23)(23-24)(24-68)(68-67)(67-66)(66-55)(55-56)(56-59' 


(9-25)(25-53)(53-54)(54-55)(55-56)(56-59) 


(9-25)(25-26)(26-27)((27-17)(17-18)(18-54)(54-55)(55-56) 

(56-59) 


(9-25)(25-26)(26-27)(27-65)(65-47)(47-48)(48-40' 


(9-25)(25-53)(53-65)(65-47)(47-48)(48-40^ 


(10-29)(29-26)(26-27)(27-17)(17-l 8)(1 8-54)(54-55)(55-56) 
(56-59) 


(10-29)(29-26)(26-27)(27-65)(65-47)(47-48)(48-40) 


(10-29)(29-28)(28-26)(26-27)(17-18)(18-54)(54-55)(55-56) 

(56-59) 


(10-29)(29-28)(28-26)(26-27)(27-65)(65-47)(47-48)(48-40’ 


(1 1-3 1)((3 1-65)(65-47)(47-48)(48-40' 


(1 1-31)(31-38)(38-46)(46-49) 


(12-32)(32-30)(30-65)(65-47)(47-48)(48-40) 


(12-32)(32-30)(30-31)(31-65)(65-47)(47-48)(48-40^ 


12-32)(32-30)(30-60)(60-59: 


(12-32)(32-33)(33-38)(38-46)(46-49) 


'12-32)(32-33)(33-34)(34-35)(35-45)(45-39: 
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|| Reactive Power Transmission Paths 1| 

Path 

Line connection 

number 

from bus to bus 

R34 

(12-32)(32-33)(33-34)(34-35)(35-45)(45-5 1 )(5 1 -50) 


(1 3-36)(36-34)(34-35)(34-35)(35-45)(45-5 1 )(5 1 -50) 

R36 

(13-36)(36-34)(34-35)(34-35)(35-45)(45-39) 

R37 

(13-36)(36-37)(37-43)(43-44)(44-39) 

R38 

( 1 3-36)(36-3 7)(37-43)(43-44)(44-45)(45-39) 

R39 

(13-36)(36-37)(37-43)C43-44)(44-45)(45-5 1 )(5 1 -50) 

R40 

(13-36)(36-60)(60-59) 

R41 

(14-41)(41-40) 

R42 

(15-42)(42-52)(52-50) 

R43 

(r5-42)(42-52)(52-49) 

R44 

(16-52)(52-50) 

R45 

(16-52)(52-49) 
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APPENDIX M 


APTP AND RPTP FOR 68-BUS SYSTEM AT MAXIMUM LOADING 
CONDITION WITH SVC AT BUS 40 


Active Power Transmission Paths | 

Path 

Line connection 

number 

from bus to bus 

A1 

(1 -37)(37-43)(43-44)(44-39) 

A2 

imm 

A3 


A4 


A5 

(3-57)(57-56)(56-59) || 

A6 

i iii i k\ 

A7 

(4-61)(61-62)(62-57)(57-58)(58-59) 

A8 

(4-61)(61-62)(62-57)(57-56)(56-59) 

A9 

(4-61 )(6 1 -62)(62-57)(57-56)(56-55) 

AlO 

(4-61)(61-62)(62-63) 

All 


A12 

(4-61)(61-64)(64-66)(66-55) 

A13 

(4-6 1 )(6 1 -64)(64-66)(66-67) 

A14 


A15 


A16 

(5-19)(19-68)(68-17)(17-18) 

A17 

(5-1 9)(1 9-68X68-1 7)(1 7-27) 

A18 

(6-20) 

A19 

(7-22)(22-23)(23-24)(24-68)(68-67) 

A20 

(7-22)(22-23)(23-24)(24-68)(68-17)(17-18) 

A21 

(7-22)(22-23)(23-24)(24-68)(68-17)(17-27) 

A22 

(7-22)(22-21)(21-68)(68-67) 

A23 

(7-22)(22-21)(21-68)(68-17) (17-18) 

A24 

(7-22)(22-21)(21-68)(68-l 7) (1 7-27) 

A25 

(8-23)(23-24)(24-68)(68-67) 

A26 

(8-23)(23-24)(24-68) (68-1 7)(1 7-18) 

A27 

(8-23)(23-24)(24-68) (68-17) (17-27) 

A28 

(9-25)(25-53)(53-54)(54-18) 

A29 

(9-25)(25-53)(53-54)(54'-55) 

A30 

(9-25)(25-26)(26-27) 

msM 



(10-29)(29-28)(28-26)(26-27) 1 

A33 

Mm nil Iff 1 ill f I 

A34 

(ll-31)(31-30)(30-60)(60-59) | 
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A35 I ('ll-3n(31-30)f30-60)(60-36)(36-37)(37-43)(43-44)(44-39: 


Path 

Number 


A36 


A37 


A3 8 


A39 








(11-31)(31- 


'11-31)(31- 


(11-31)(31- 


(11-31)(31- 

44-39) 


(12-32)(32- 


(12-32)(32- 


'12-32)(32- 


'13-36)(36- 


(14-41)(41- 
(65-27) 


(14-41)(41- 

(30-60)(60- 


(14-41)(41- 

30-60)(60- 


(14-41)(41- 

34-36)(36- 


(14-41)(41. 

(34-36)(36- 


'14-41)(41- 


'14-41)(41- 


:i4-41)(41- 


14-41)(41- 


(14-41)(41- 

(36-37)(37- 


Active Power Transmission Paths 


Line connection 
from bus to bus 


I -65)(65-53)(53-54)(54-18) 


l-65)(65-53)(53-54)(54-55) 


■65)(65-30)(30-60)(60-36)(36-37)(37-43)(43-44) 


•30)(30-60)(60-59) 


•30)(30-60)(60-36)(36-37)(37-43)(43-44)(44-39' 


■33)(33-34)(34-36)(36-37)(37-43)(43-44)(44-39) 


•37)(37-43)(43-44)(44-39: 


42)(42-52)(52-49)(49-46)(46-3 8)(3 8-3 1 )(3 1 -65) 


■42)(42-52)(52-49)(49-46)(46-38)(38-3 1 )(3 1 -30) 
36)(36-37)(37-43)(43-44)(44-39) 


■42)(42-52)(52-49)(49-46)(46-38)(38-33)(33-34) 
■37) (37-43)(43-44)(44-39 


■42)(42-52)(52-50)(50-5 1 )(5 1 -45)(45-35)(35-34) 
•37) (37-43)(43-44)(44-39) 


■42)(42-52)(52-50)(50-5 1)(5 1-45)145-39' 


•42)(42-52)(52-50)(50-51)(51-45)(45-44)(44-39 


•40)(40-48)(48-47)(47-65)(65-27: 


■40)(40-48)(48-47)(47-65)(65-30)(30-60)(60-59 


■40)(40-48)(48-47)(47-65)(65-30)(30-60)(60-36) 
•43)(43-44)(44-39) 


•42)(42-52)(52-49)(49-46)(46-38)(38-31)(31-30) 

•59) 


-38)(38-31)(31-30) 

-39) 


-38)(38-33)(33-34) 








(14-41 )(4 1 -42)(42-52)(52-49)(49-46)(46-3 8)(3 8-3 1 )(3 1 -65)(65- 
53)(53-54)(54-55) 


(14-41 )(4 1 -42)(42-52)(52-49)(49-46)(46-3 8)(3 8-3 1 )(3 1 -65)(65- 
30)(30-60)(60-59) 


(14-41 )(4 1 -42)(42-52)(52-49)(49-46)(46-3 8)(3 8-3 1 )(3 1 -65)(65- 
30)(30-60)(3Q-60)(60-36)(36-37)(37-43)(43-44)(44-39) 


(15-42)(42-52)(52-49)(49-46)(46-38)(38-31)(31-65)(65-27 


(1 5-42)(42-52)(52-49)(49-46)(46-38)(38-3 1)(3 1 -30)(30-60) 
(60-59) 


(1 5-42)(42-52)(52-49)(49-46)(46-38)(38-3 1 )(3 1-30)(30-60) 
(60-36)(36-37)(37-43)(43-44)(44-39) 


(15-42)(42-52)(52-49)(49-46)(46-38)(38-33)(33-34)(34-36) 
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(36-37) 137-^ 


Active Power Transmission Paths 


Path 

Number 


A62 


Line connection 
from bus to bus 






(15-42)(42-52)(52-50)(50- 
(34-36)(36-37) (37-43)(43- 


(1 5-42)(42-52)(52-50)(50- 


(15-42)(42-52)(52-50)(50-: 


(1 5-42)(42-52)(52-49)(49- 
(53-54)(54-18 


(1 5-42)(42-52)(52-49)(49-' 
(53-54)(54-55) 


(1 5-42)(42-52)(52-49)(49- 
(30-60)(60-59) 


(15-42)(42-52)(52-49)(49- 

(30-60)(30-60)(60-36)(36-: 


(1 6-52)(52-49)(49-4^(46-: 


(16-52)(52-49)(49-46)(46-: 

(60-59) 


(16-52)(52-49)(49-46)(46-: 

(60-36)(36-37)(37-43)(43- 


(16-52)(52-49)(49-46)(46- 
(36-37) (37-43)(43-44)(44- 


(16-52)(52-50)(50-51)(51- 
34-36)(36-37) (37-43)(43- 


•51)(51-45)(45- 

-44)(44-39)- 


■51)(51-45)(45- 


■51)(51-45)(45- 


46)(46-38)(38- 


•35)(35-34) 


39' 


44)(44-39) 


31)(31-65)(65-53) 


46)(46-3 8)(3 8-3 1 )(3 1 -65)(65-53) 


46)(46-38)(38-3 1)(3 1 -65)(65-30) 


46)(46-38)(38- 

37)(37-43)(43- 


38)(38-31)(31- 


38)(38-31)(31- 


•38)(38-31)(31- 
44)(44-39 


•38)(38-33)(33- 
-39 


45)(45-35)(35- 

.44)(44-39) 


-31)(31-65)(65-30) 
-44)(44-39 


-65)(65-27 


-30)(30-60) 


-30)(30-60) 


-34)(34-36) 






(16-52)(52- 


(16-52)(52- 


(16-52)(52- 

(54-18) 


(16-52)(52- 

(54-55) 


(16-52)(52. 

(60-59) 


(16-52)(52 

(30-60)(60 


-50)(50-51)(51-45)(45-39 


-50)(50-51)(51-45)(45-44)(44-39 


-49)(49-46)(46-38)(38-31)(31-65)(65-53)(53-54) 


-49)(49-46)(46-3 8)(3 8-3 1 )(3 1 -65)(65-53)(53-54) 


:.49)(49-46)(46-3 8)(3 8-3 1 )(3 1 -65)(65-30)(30-60) 


l 49)(49-46)(46-38)(3 8-3 1 )(3 1 -65)(65-30)(30-60) 
l-36)(36-37)(37-43)(43-44)(44-39) 
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Reactive Power Transmission Paths 


Line connection 
from bus to bus 


l-37)(37-43)(43-44)(44-39: 


'l-37)(37-43)(43-44)(44-45)(45-39: 


(1 -37)(37-43)(43-44)(44-45)(45-5 1 )(5 1 -50) 


2-53)(53-54)(54-55)(55-56)(56-59: 


'2-53)(53-65)(65-47)(47-48)(48-40)(4Q-41) 


•2-53)(53-65)(65-27X27-17)(17-18)(18-54)(54-55)(55-56)( 


(2-53)(53-65)(65-27)(27-17)(17-68)(68-67)(67-66)(66-55) 
(55-56)(56-59( 


'2-53)(53 -65)(65-3 1 )(3 1 -3 8)(3 8-46)(46-49) 


Path 

number 


R1 


R2 


R3 


R4 


R5 


R6 


R7 


a nKiMAgMaim 


(4-6 1 )(6 1 -62)(62-57)(57-58)(58-59) 


'4-6 1 )(6 1 -62')(62-57)(57-56)C56-59' 






(4-61)(61-64)(64-66)(66-55)(55-56)(56-59) 





II 


5- 1 9)(19-68)(68-67)(67-66)(66-55)(55-56)(56-59) 


(7-22)(22-23)(23-24)(24-68)(68-67)(67-66)(66-55)(55-56)(56-59 


(7-22)(22-21)(21-68)(68-67)(67-66)(66-55)(55-56)(56-59) 


'8-23)(23-24)(24-68)(68-67)(67-66)(66-55)(55-56)(56-59' 


'9-25)(25-53)(53-54)(54-55)(55-56)(56-59' 


(9-25)(25-26)(26-27)((27-17)(17-18)(18-54)(54-55)(55-56) 

(56-59) 


(9-25)(25-26)(26-27)(27-17)(17-68)(68-67)(67-66)(66-55) 
(55-56)(56-59) 


(10-29)(29-26)(26-27)(27-17)(17-18)(18-54)(54-55)(55-56) 
56-59 





(10-29)(29 

(55-56)(56 


(10-29)(29 

(55-56)(56 


(10-29)(29 

(66-55)(55 


■11-31)(31 


.•12-32)(32 


(12-32)(32 


■26)(26-27)(27-17)(17-68)(68-67)(67-66)(66-55) 

■59) 


■28)(28-26)(26-27)(27-l 7)(1 7- 1 8)(1 8-54)(54-55) 
-59) 


-28)(28-26)(26-27)(27-l 7)( 1 7-68)(68-67)(67-66) 
■56)(56-59) 


-38)(38-46)(46-49' 


■33)(33-34)(34-35)(3 5-45)(45-5 1 )(5 1 -50 


■33)(33-34)(34-35)(35-45)(45-39' 
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1 Reactive Power Transmission Paths 

Path 

Line connection 

number 

from bus to bus 

R32 

(12-32)(32-33)(33-34)(34-36)(36-60)(60-59) 

R33 

(12-32)(32-33)(33-34)(34-36)(36-37)(37-43)(43-44)(44-39) 

R34 

■(12-32)(32-33)(33-34)(34-36)(36-37)(37-43)(43-44)(44-45) 

(45-39) 

R35 

(12-32)(32-33)(33-34)(34-36)(36-37)(37-43)(43-44)(44-45) 

(45-5 1)(5 1-50) 

R36 

(13-36)(36-60)(60-59) 

R37 

( 1 3-36)(36-37)(37-43)(43-44X44-39) 

R38 

(1 3-36)(36-37)(37-43)(43-44)(44-45)(45-39) 

R39 

( 1 3-36)(36-37)(37-43)(43-44)(44-45)(45-5 1 )(5 1 -50) 

R40 

(14-41) 

R41 

(15-42)(42-41) 

R42 

(15-42)(42-52)(52-50) 

R43 


R44 

(16-52)(52-50) 

R45 

(16-52)(52-49) 
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APPENDIX N 

EIGENVALUES FOR 68-BUS SYSTEM AT BASE CASE LOADING 

SHOWN IN THREE COLUMNS 


-49.3498 

-0.3886 ±6.57931 

-1.8691 ±0.28581 

-49.3467 


-0.2187 

-49.1517 

-7.5545 

-1.8431 ±0.12741 

-48.1999 

-6.5619 

-0.2567 

-48.3647 

-0.4544 ± 4.96731 

-0.7274 ± 0.47551 

-48.5059 

-0.2848 ±4.14511 

-1.7670 

-48.4179 

-5.0200 

-0.4555 

-48.6019 

-0.1931 ±3.33441 

-1.5530 

-48.4543 

-1.6243 ±2.95671 

-1.5427 ±0.03481 

-48.5838 

-1.6409 ±2.81681 

-1.4644 

-0.5851 ±12.07791 

-0.2417 ±2.25521 


-15.5292 

-3.2993 

-1.3626 

-15.8474 

-3.2793 

-1.2632 ±0.16171 

-15.8275 

-1.6178 ± 1.97211 

-1.2284 

-15.7843 

-0.8151 ± 1.74281 

-0.8866 

-15.8023 

-1.5117 ± 1.38381 

-0.6926 

-14.0344 ±1.24131 

-2.4098 

-0.9242 

-11.7038 

-0.8817 ± 1.08081 

-0.9860 

-0.6511 ±10.12181 

-0.3683 ± 0.81781 

-0.7188 

-0.6223 ±9.94611 

0.0000 

-0.7339 

-0.8185 ±9.88681 

-0.3754 ±0.71 161 

-1.0510 

-0.3904 ±8.51421 

-0.3374 ± 0.57641 

-1.1334 

-0.5008 ± 8.39961 

-0.2483 ±0.49711 

-1.1166 

-0.3803 ± 8.05691 

-0.1781 ±0.42911 


-0.4687 ± 7.76761 

-0.2090 ± 0.44501 


-0.5217 ±7.43641 

-0.5792 ± 0.53781 


-0.3820 ± 7.00221 

-1.7248 ±0.44611 



STATCOM and SSSC Data for the 9-Bus System 


MVA 

Base 

KV 

Base 

^st 


^dc 

(mF) 

^off 

F-on 

a 

{degree) 

100 

230 



4000 

1.0e06 

0.01 

-0.55 
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APPENDIX O 


TCSC CHARACTERISTIC WITH DIFFERENT VALUES OF Xc 



140 153 157 161 185 


o 

a ► 

Fig. 0.1 TCSC characteristic with different values of 

A TCSC characteristic is obtained using (3.16). It is also important to note that 
when compensation studies at maximum loading condition are performed, the value of 
of TCSC is taken to be 0.0393 per unit and firing angle alpha is varied to get 

different compensation levels, whereas in all other studies value of X^. is used as 0.0598 

per unit and firing angle as 160° . Because of this fact the controller parameters are 
different at 50% compensation of line 7-5 in Tables 6.2 and 6.5 and Tables 6.4 and 6.6 
respectively for TCSC alone and SVC-TCSC combine. The TCSC characteristic for both 
values of X^ is shown in Fig. 0.1. The TCSC characteristic with =0.0.598 per unit 

was not able to give the complete range of compensation from 30% to 70% (4.8% to 
1 1.2%) of line7-5. It shows that TCSC characteristic should be chosen carefully to give 
maximum compensation range. 
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